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Abstract 

This volume contains a selection of the scientific papers presented at meetings of 
the Scientific Committee and Working Groups of the Scientific Committee in 
1988. The volume is published in two parts. Part I contains papers related to 
Antarctic krill. Part 11 contains papers on other Antarctic Marine Living 
Resources. The text of the papers is reproduced in the original language of 
submission; abstracts of the papers and captions of tables and figures are 
translated into the official languages of the Commission (English, French, 
Russian and Spanish). 

Resume 

Le present tome contient une selection de communications scientifiques 
presentees aux reunions du Comite Scientifique et aux Groupes de travail du 
Comite Scientifique en 1988. Ce tome est publie en deux parties. La premiere 
partie contient les communications qui se rapportent au krill antarctique. La 
deuxieme partie contient les communications sur les autres ressources marines 
de l'Antarctique. Le texte de ces communications est reproduit dans la langue 
originale dans laquelle celles-ci ont ete presentees; les resumes des 
communications ainsi que les titres des tableaux et des figures ont ete traduits 
dans les langues officielles de la Commission (anglais, franc;ais, russe et 
espagnol). 

Pe310Me 

HaCT051I1.\HH TOM CO,llep)l{HT nO,ll60pKY HaY4HbIX pa60T, npe,llCTaBJIeHHbIX 

Ha COBeIl.\aHH51X HaY4Horo KOMHTeTa H Pa604HX rpynn HaY4Horo 

KOMHTeTa B 1988 r., H COCTOHT H3 ,lIByX 4acTeH. IIepBa51 4aCTb CO,llep)l{HT 

,lIoKYMeHTbI, HMeIOII.\HeC51 OTHorneHHe K aHTapKTH4ecKoMY KPHJIIO. BTopa51 

4aCTb cO,llep)l{HT ,lIOKYMeHTbI KaCaIOII.\HeC51 ,lIpyrHx MOPCKHX )l{HBbIX 

pecypcoB AHTapKTHKH. OHH npe,llCTaBJI51IOTC51 Ha 513bIKe opHrHHaJIa; 

pe3IOMe ,lIOKJIa,llOB, Ha3BaHHe Ta6JIHll, H nO,llnHCH K pHCYHKaM nepeBe,lleHbI 

Ha O<pHll,HaJIbHbIe 513bIKH KOMHCCHH (aHr JIHHCKHH, <ppaHll,Y3CKHH, PYCCKHH 

H HcnaHCKHH ). 

Resumen 

Este volumen contiene una selecci6n de los documentos cientificos presentados en 
las reuniones del Comite Cientifico y de los Grupos de Trabajo del Comite 
Cientifico en 1988. Se publica en dos partes. La Parte I comprende los trabajos 
relacionados con el krill. La Parte 11 comprende los trabajos sobre los otros 
recursos vivos marinos antarticos. El texto de estos documentos esta reproducido 
en el idioma original; los resumenes de estos y los tftulos de los cuadros y figuras 
estan traducidos a los idiom as oficiales de la Comisi6n (ingles, frances, ruso y 
espanol). 





TABLE OF CONTENTS 

Page 

List of Authors .............................................................................................................. v 

A SIMULATION STUDY OF KRILL FISHING BY AN INDIVIDUAL JAPANESE TRAWLER 
D.S. Butterworth ............................................................................................................ 1 

SOME ASPECTS OF THE RELATION BETWEEN ANTARCTIC KRILL ABUNDANCE 
AND CPUE MEASURES IN THE JAPANESE KRILL FISHERY 
D.S. Butterworth ............................................................................................................ 109 

ANALYSIS AND MODELLING OF THE SOVIET SOUTHERN OCEAN KRILL FLEET 
M. Mangel ....... ................................................................................................................ 127 

SOME SPECIFIC FEATURES OF THE USSR KRILL FISHERY AND POSSIBILITIES 
OF APPLYING FISHERY STATISTICS TO STUDIES OF KRILL BIOLOGY AND STOCKS 
V.N. Dolzhenkov, T.G. Lubimova, R.R. Makarov, S.S. Parfenovich 
and V.A. Spiridonov .. ... ..... ... ... ..... ... ... ..... ..... ........ ........ ... ... ..... ... ..... ... ... ............. ..... ... ..... 237 

SURVEY DESIGN TO ESTIMATE KRILL ABUNDANCE DURING FIBEX 
I. Everson, I. Hampton and G.M. Jolly ........................................................... .... ............. 253 

TARGET STRENGTHS OF ANTARCTIC KRILL (EUPHAUSIA SUPERBA) 
I. Everson D.G. Bone, J.L. Watkins and K.G. Foote .......................................................... 265 

PATTERNS AND PROCESSES IN THE DISTRIBUTION AND DYNAMICS 
OF ANTARCTIC KRILL 
S.A. Levin, A. Morin and T.M. Powell ............................................................................. 281 

STATISTICAL PROBLEMS IN KRILL STOCK HYDROACOUSTIC ASSESSMENTS 
M.C. Macaulay ................................................................................................................. 301 

ACOUSTIC DATA ANALYSIS AND MODELS OF KRILLSPATIAL DISTRIBUTION 
A. Morin, A. Okubo and K. Kawaski ................................................................................. 311 

PHYTOPLANKTON DISTRIBUTION IN THE MIXED LAYER: IMPLICATION TO KRILL 
ABUNDANCE, H. Yamazaki and T. Osborn ......................................................................... 331 

JOINT POLISH/AMERICAN HYDROACOUSTIC SURVEY OF ELEPHANT ISLAND 
AND THE VICINITY OF KING GEORGE ISLAND, 1988 
M.C. Macaulay ................................................................................................................. 357 

(i) 



TABLE DES MATIERES 

Page 

Liste des auteurs ............................................................................................................. v 

UNE ETUDE PAR SIMULATION DE LA PECHE DU KRILL PAR UN CHALUTIER 
INDIVIDUEL JAPONAIS 
D.S.Butterworth ............................................................................................................. 1 

QUELQUES ASPECTS DE LA RELATION ENTRE L'ABONDANCE DU KRILL ANTARCTIQUE 
ET MESURAGE D'INDICE DE LA CPUE DANS LA PECHERIE JAPONAISE DU KRILL 
D. S. Butterworth ........................................................................................................... 109 

ANALYSE ET MODELlSATION DE LA FLOTIILLE SOVIETIQUE DANS L'OCEAN AUSTRAL 
SUR LA PECHE DU KRILL 
M. Mangel .............. ..................................................................................... ......... ............ 127 

QUELQUES CARACTERISTIQUES DE LA PECHERIE DU KRILL DE L'URSS ET 
POSSIBILlTES D'UTILlSER DES STATISTIQUES DE PECHE DANS DES ETUDES 
DE LA BIOLOGIE ET DES STOCKS DU KRILL 
V.N. Dolzhenkov, T.G. Lubimova, R.R. Makarov, S.S. Parfenovich 
and V.A. Spiridonov .......................................................................................................... 237 

MODELE DE PROSPECTION POUR L'ESTIMA TION DE L'ABONDANCE DU KRILL 
PENDANT LA FIBEX, I. Everson 
I. Hampton and G.M. Jolly ............................................................................................... 253 

INTENSITE DE LA REPONSE ACOUSTIQUE DU KRILL ANTARCTIQUE (EUPHAUSIA SUPERBA) 
I. Everson D.G. Bone, J.L. Watkins and K.G. Foote ....................................................... 265 

MODELES ET PROCESSUS DANS LA DISTRIBUTION ET LA DYNAMIQUE 
DU KRILL ANTARCTIQUE 
S.A. Levin, A. Morin and T.M. Powell ............................................................................. 281 

PROBLEMES STATISTIQUES DANS LES EVALUATIONS HYDROACOUSTIQUES 
DES STOCKS DE KRILL 
M.C. Macaulay .. ............................................................................................................... 301 

ANALYSE DES DONNEES ACOUSTIQUES ET MODELES DE LA DISTRIBUTION 
SPATIALE DU KRILL 
A. Morin, A. Okubo et K. Kawasaki .................................................................................. 311 

DISTRIBUTION DU PHYTOPLANCTON DANS LA COUCHE MIXTE: IMPLICATION 
SUR L'ABONDANCE DU KRILL 
H. Yamazaki and T. Osborn .............................................................................................. 331 

PROSPECTION HYDROACOUSTIQUE CONJOINTE POLONAISEiAMERICAINE DE L'ILE 
ELEPHANT ET DES ENVIRONS DE L'ILE DU ROI GEORGE, 1988 
M.C. Macaulay .................... ........................................................ ......................... ............ 357 

( ii) 



COllEP)KAIlliE 

CTpamn~a 

CnHCOK aBTOpOB ....................................................................................... .......... v 

113YllEHlIE METOllOM MATEMAT1111ECKOrO MOllEJI11POBAIlliSI 
lIPOMbICJIA KP11JISI OTllEJIbHbIM11 SIlIOHCK11M11 TPAYJIEPAM11 
D.S. Butterworth .................................................................................................. 1 

HEKOTOPbIE AClIEKTbI B3A11MOCBSI3111111CJIEHHOCT11 
AHTAPKT1111ECKOrO KP11JISI 11 113MEPEH11f1: 11HllEKCA CPUE, 
lIO llAHHbIM SIlIOHCKOrO lIPOMbICJIA KP11JISI 
D. S. Butterworth ..................................................................................................... 109 

AHAJI113 11 MOllEJI11POBAH11E COBETCKOfl: IO)KHOOKEAHCKOfl: 
KP11JIEBOfl: <fJJIOT11JI1111 
M. Mangel ..... ......................................................................................................... 127 

HEKOTOPbIE OCOEEHHOCT11 COBETCKoro lIPOMbICJIA KP11JISI 
11 B03MO)KHOCT11 lIP11MEHEIlliSI CTAT11CT1111ECK11X llAHHbIX 
lIO lIPOMbICJIY llJISI 113YllEIlliSI E110JIOr1111 11 3AlIACOB KP11JISI 
B.H. lloJDKeHKoB, Tr. JII06HMoBa, P.P. MaKapoB, 
C.C. lIapcpeHoBHq H B.A. CnHpH,l{OHOB ............................................................ 237 

lIJIAHlIPOBAHlIE CbEMK11 llJISI OIlEHK111111CJIEHHOCT11 
KP11JISI B TEllEHlIE lIPorPAMMbI FIBEX 
I. Everson, I. Hampton and G.M. Jolly.................................................................. 253 

C11JIA IlEJI11 AHTAPKT1111ECKOro KP11JISI (EUPHAUSIA SUPERBA ) 
I. Everson, D.G. Bone, J.L. Watkins and K.G. Foote .............................................. 265 

3AKOHOMEPHOCT11 11 lIPOIlECCbI B PAClIPEllEJIEIlli11 111111HAM11KE 
AHTAPKT1111ECKOrO KP11JISI 
S.A. Levin, A. Morin and T.M. Powell ................................................................... 281 

CTA T11CT1111ECK11E lIPOEJIEMbI r1111POAKYCT1111ECK11X 
METOllOB OIlEHK113AlIACA KP11JISI 
M.C. Macaulay ....................................................................................................... 301 

AHAJI113 AKYCT1111ECK11X llAHHbIX 11 MOllEJI11 
lIPOCTPAHCTBEHHOrO PAClIPEllEJIEIlliSI KP11JISI 
A. Morin, A. Okubo and K. Kawaski ....................................................................... 311 

BJI11SIHlIE HA ll11CJIEHHOCTb KP11JISI 
H. Yamazaki and T. Osborn ..................................................................................... 331 

COBMECTHASI lIOJIbCKO-AMEP11KAHCKASI CbEMKA OCTPOBA 
3JIE<DAHT 11 PAfl:OHA OCTPOBA K11Hr-ll)KOPll)K, 1988 r. 
M.C. Macaulay ............................................... ................................................. ....... 357 

( iii) 



INDICE 

Pagina 

Lista de auto res ............... ...... ...... ...... ............ .... .... ......... ...... ............ .......................... v 

ESTUDIO DE SIMULACION DE LA PESCA DEL KRILL REALlZADO POR UN BARCO 
DEARRASTREJAPONES 
D.S. Butterworth ......................................................................................................... 109 

ALGUNOS ASPECTOS DE LA RELACION ENTRE LA ABUNDANCIA DEL KRILL 
ANT ARTICO Y LAS MEDIDAS DE LA CPUE EN LA PESQUERIA DEL KRILL JAPONESA 
D.S. Butterworth .......................................................................................................... 127 

ANALlSIS Y MODELADO DE LA FLOTA PESQUERA DE KRILL SOVIETICA EN EL 
OCEANO AUSTRAL 
M. Mangel ..................................................................................................................... 237 

ALGUNAS PECULlARIDADES DE LA PESQUERIA DEL KRILL SOVIETICA Y 
POSIBILlDADES DEL usa DE ESTADISTICAS DE LA PESQUERIA EN ESTUDIOS 
SOBRE LAS RESERVAS Y LA BIOLOGIA DEL KRILL 
V.N. Dolzhenkov, T.G. Lubimova, R.R. Makarov, S.S. Parfenovich 
and V.A. Spiridonov ...................................................................................................... 253 

DISENO DE PROSPECCION PARA LA ESTIMACION DE LA ABUNDANCIA DEL KRILL 
DURANTE FIBEX 
I. Everson, I. Hampton and G.M. Jolly ..................................................................... .... 265 

FUERZA DEL BLANCO DEL KRILL ANTARTICO (EUPHAUSIA SUPERBA) 
I. Everson, D.G. Bone, J.L. Watkins and K.G. Foote ..................................................... 281 

PATRONES Y PROCESOS DE LA DISTRIBUCION Y DINAMICA DEL KRILL 
ANTARTICO 
S.A. Levin, A. Morin and T.M. Powell .......................................................................... 301 

PROBLEMAS ESTADISTICOS EN LAS EVALUACIONES HIDROACUSTICAS DE LAS 
POBLACIONES DE KRILL 
M.C. Macaulay .............................................................................................................. 311 

ANALlSIS DE LOS DATOS ACUSTICOS Y MODELOS DE DISTRIBUCION ESPACIAL 
DELKRILL 
A. Morin, A. Okubo and K. Kawaski .............................................................................. 331 

DISTRIBUCION DEL PHYTOPLANKTON EN LA CAPA MIXTA: IMPLlCACIONES 
PARA LA ABUNDANCIA DEL KRILL 
H. Yamazaki and T. Osborn ........................................................................................... 357 

PROSPECCION HIDROACUSTICA CONJUNTA POLACO/NORTEAMERICANA DE LA 
ISLA ELEFANTE Y DE LOS ALREDEDORES DE LA ISLA REY JORGE, 1988 
M.C. Macaulay ................................................... ................................... ........................ 357 

(i v) 



D.G. Bone 

D.S. Butterworth 

V.N. Dolzhenkov 

I. Everson 

K.G. Foote 

I. Hampton 

G.M. Jolly 

K. Kawasaki 

S.A. Levin 

LIST OF AUTHORS 

LlSTE DES AUTEURS 

CIIHCOK ABTOPOB 

LIST A DE AUTRES 

British Antarctic Survey 
High Cross 
Madingley Road 
Cambridge CB3 OET 
UNITED KINGDOM 

Department of Applied Mathematics 
University of Cape Town 
Rondebosch 7700 
South Africa 

Laboratory of Antarctic Resources 
VN IRO Research Institute 
17a, V. Krasnoselskaya 
MOSCOW 107140 
USSR 

British Antarctic Survey 
High Cross 
Madingley Road 
Cambridge CB3 OET 
UNITED KINGDOM 

Institute of Marine Research 
PO Box 1870 - NORDNES 
5024 Bergen 
NORWAY 

Department of Environment Affairs 
Chief Directorate: Marine Development 
Private Bag X2 
Roggebaai, 8012 
South Africa 

38 Silverknowes Terrace 
Edinburgh 
EH45HJ 
UNITED KINGDOM 

Science and Engineering Research Institute 
Doshisha University 
Kyoto 606 
JAPAN 

Center for Environmental Research, and 
Section of Ecology and Systematics 
Cornell University 
Ithaca, New York, 14853 
USA 

{v} 



T.G. Lubimova 

M.C. Macaulay 

R.R. Makarov 

M. Mangel 

A. Morin 

A. Okubo 

T.R. Osborn 

S.S. Parfenovich 

T.M. Powell 

(vi) 

Laboratory of Antarctic Resources 
YNIRO Research Institute 
17a, V. Krasnoselskaya 
MOSCOW 107140 
USSR 

Northwest and Alaska Fisheries Center 
Resource Assessment and Conservation Engineering Division 
7600 Sand Point Way Northeast 
BIN C15700, Bldg 4 
Seatlle, Washington 98115-0070 
USA 

Laboratory of Antarctic Resources 
YNIRO Research Institute 
17a, V. Krasnoselskaya 
MOSCOW 107140 
USSR 

Zoology Department and Center for Population Biology 
University of California 
Davis 
California, 95616 
USA 

Department of Biology 
University of Ottawa 
Ottawa, Ontario KIN 6N5 
CANADA 

Marine Sciences Research Center 
State University of New York 
Stony Brook, NY 11794-5000 
USA 

Chesapeake Bay Institute 
The Johns Hopkins University 
The Rotunda, Suite 340 
711 W40th Street 
Baltimore, MD 21211 
USA 

Laboratory of Antarctic Resources 
YNIRO Research Institute 
17a, V. Krasnoselskaya 
MOSCOW 107140 

. USSR 

Division of Environmental Studies 
University of California, Davis 
Davis, California, 95616 
USA 



V.A. Spiridonov 

J.L. Watkins 

H. Yamazaki 

Laboratory of Antarctic Resources 
VNIRO Research Institute 
17a, V. Krasnoselskaya 
MOSCOW 107140 
USSR 

British Antarctic Survey 
High Cross 
Madingley Road 
Cambridge CB3 OEl 
UNITED KINGDOM 

Chesapeake Bay Institute 
The Johns Hopkins University 
The Rotunda, Suite 340 
711 W40th Street 
Baltimore, MD 21211 
USA 

( vii) 





SC-CAM LR-VII/BG/37 

A SIMULATION STUDY OF KRILL FISHING BY AN INDIVIDUAL JAPANESE 
TRAWLER* 

D.S. Butterworth 

Abstract 

A model is set up for the operation (which includes both searching 
and fishing) of a Japanese krill trawler over a half-month period. It 
is based on an underlying krill distribution model whose parameters 
are determined primarily from the scientific FIBEX surveys. Output 
from the model of the operation is compared with (and partially tuned 
to) statistics for a sample of data from the commercial fishery. A 
major inconsistency is found: haul times are a factor of 4-5 times 
greater in reality than in the model. Two ad hoc model modifications 
are introduced to eliminate this inconsistency: artificially elongating 
krill swarms, and allowing hauls to continue through more than one 
swarm. Twenty four candidate abundance indices (generally of a CPUE 
form) for krill biomass in the 600 n mile square oceanic sector 
modelled are considered, and their performance in response to a 
variety of ways in which the overall krill biomass might decline is 
investigated. Generally the indices respond by dropping relatively 
less than the proportional biomass decrease. Catch statistics 
collected at present (centred primarily on catch per fishing time) 
are of low utility in detecting biomass decline. Combination catch 
rate indices incorporating within-concentration search time give 
improved performances, but are able to monitor changes in 
within-concentration krill distribution parameters only. Indices 
that distinguish primary searching time from secondary searching 
time (searching while waiting to finish processing) within 
concentrations perform better, but collection of the requisite data 
may not be practical. Other approaches (e.g. research vessel 
surveys) need to be considered to monitor changes in the number, 
distribution and size of krill concentrations, both because there are 
doubts about the reliability of indices based on concentration 
searching time (which do respond to such changes), and because such 
indices are relatively imprecise. Priority needs to be given to 
improving the krill distribution model underlying the analysis; this 
probably requires that scientific surveys be planned to operate in 
small areas concurrently with fishing vessels. 

* Revised and extended. 
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Resume 

Un modele est etabli pour I'operation (qui inclut la recherche ainsi 
que la peche) d'un chalutier de krill japonais sur une periode d'un 
demi-mois. 11 est base sur un modele fondamental de repartition du 
krill, dont les parametres sont determines essentiellement d'apres 
les etudes scientifiques FIBEX. Les resultats du mode le de I'operation 
sont compares aux (et en partie ajuste selon les) statistiques d'un 
echantillon de donnees de la pecherie commerciale. L'on remarque 
une inconsistance majeure: les heures de trait sont un facteur 4 a 5 
fois plus grand en realite que dans le modele. Deux modifications du 
mode le ad hoc sont introduites pour eliminer cette inconsistance: 
allonger artificiellement les ban cs de krill et permettre aux traits de 
se poursuivre sur plus d'un essaim. Vingt-quatre indices d'abondance 
proposes (generalement sous forme de CPUE) sont consideres pour la 
biomasse de krill dans le secteur oceanique de 600 milles carres du 
modele, et leur performance en reponse a une variete de manieres 
dont la biomasse totale de krill peut baisser est I'objet de recherches. 
En general les indices repondent en baissant relativement moins que 
la baisse proportionelle de la biomasse. Les statistiques de capture 
recueillies a ce jour (concentrees principalement sur la capture par 
heure de peche) sont de peu d'utilite pour detecter la baisse de la 
biomasse. Les indices de taux de peche combinee, comprenant le 
temps de peche dans la concentration, donnent de meilleurs 
performances mais peuvent uniquement controler les parametres de 
repartition du krill dans la concentration. Les indices qui distinguent 
le temps de recherche primaire du temps de recherche secondaire 
(recherche dans I'attente de la fin du traitement) dans les 
concentrations donnent de meilleurs resultats mais il se peut que la 
collecte des donnees requises presente des difficultes. D'autres 
methodes (par ex. des etudes des navires de recherche) doivent etre 
considerees pour surveiller les changements dans le nombre, la 
repartition et la taille des concentrations de krill, en raison, d'une 
part, des doutes sur la fiabilite des indices bases sur le temps de 
recherche d'une concentration (qui repondent a de tels changements), 
et d'autre part, parce que d'autres indices sont relativement 
imprecis. 11 faut accorder la priorite a I'amelioration du mode le de 
base de repartition du krill de I'analyse; ceci necessite probablement 
de prevoir que les recherches scientifiques ope rent dans de petites 
zones concurrement avec les navies de peche. 

Pe3lOMe 

MO,l{eJIb pa3paooTaHa ,l{JI.H onepalU1ll .HnOHCKOro Kp"JIeBOrO 
TpaYJIepa, KOTOpa.H paCqllTaHa Ha nOJIYMeC.HqHbIH CpOK II 
BJIlOqaeT KaK nOllCKOBble, TaK II PbIOOJIOBHble ,l{eHCTBll.H. 3Ta 
MO,l{eJIb oa3llPyeTC.H Ha MO,l{eJIll pacnpe,l{eJIeHll.H OCHOBHoro 

KP"JI.H, napaMeTpbI KOTOPOH onpe,l{eJIeHbI B OCHOBHOM ll3 
CbeMOK no nporpaMMe "FIBEX" BbIXO,l{Hble ,l{aHHble MO,l{eJIll 

onepaQllll cpaBHllMbI (ll qaCTllqHO np"Be,l{eHbI B 
cooTBeTcTBlle) co CTaTllCTllqeCKllM HaoopoM ,l{aHH~X 
npOMbIIIIJIeHHOrO PbIOOJIOBCTBa. r JIaBHOe HeCOOTBeTCTBlle 
HaH,l{eHo: BpeM.H TpaJIeHll.H - q>aKTop B 4-5 pa3 OOJIbIIIllH B 
peaJIbHOCTll, qeM B MO,l{eJIll. .llJI.H Toro, qTOObI YCTpaHllTb 3TO 



HeCOOTBeTCTBlle, C03):laHhI ):lBe CnellllaJIhHhIe MO):llllPllKallllll 
MO):leJIll, KOTOphle Y):lJIllHH$!IOT CKOnJIeHll$! KPllJI$! II n03BOJI$!IOT 
npO):lOJI)I(aTb TpaJIeHll$! 1.J.epe3 OOJIee 1.J.eM O):lHO CKOnJIeHlle 

KPllJI.SI. Y1.J.llThIBaIOTC$! ):lBa):lllaTb 1.J.eThlpe llH):leKCa BepO$!THOM 

1.J.llCJIeHHOCTll (OOhI1.J.HO IPOPMhI CPU E) olloMacchI KPllJI$!, 

CMO):leJIllpOBaHHOM B KBa):lpaTHOM ceKTOpe OKeaHa nJIOIIJ;a):lblO B 

600 MOPCKllX MllJIll., II ll3Y1.J.aeTC$! ll3MeHeHlle 3TllX llH):leKCOB, B 

3aBllCllMOCTll OT pa3Hooopa3Hhlx nYTeM, no KOTOPhIM OOm;aR 
olloMacca KPllJIR MO)l(eT YMeHbmaTbC$!. KaK npaBllJIO, llH):leKChI 

OTBe1.J.aIOT OTHOCllTeJIbHO MeHbmllM nOHll)l(eHlleM Ha 

COOTBeTCTBYIOIIJ;lle YMeHbmeHllR OllOMaCChI KPllJI$!. 
CTaTllCTll1.J.eCKlle ):laHHhle no ,allHaMllKe YJIOBOB, coopaHHhle B 

HaCTO$!m;ee BpeM$! (KaCalOIIJ;IIeC$! r JIaBHhIM oopa30M YJIOBa Ha 

e):lllHllllY npOMhICJIOBOrO YCllJIll$!) MaJIO llCnOJIb3YlOTCR B 
BhmBJIeHllll YMeHbmeHllR OllOMaCChI. OOOOm;eHHhle llH,aeKChI 

llHTeHCllBHOCTll BhIJIOBa, OObe,allHRIOIIJ;lle BpeMR nOllCKa B 

npe,aeJIax KOHlleHTpalllUI, ,aalOT OOJIee COBepmeHHhle 

pe3YJIbTaThI, O):lHaKO, OHll ,aalOT B03MO)l(HOCTb KOHTPOJIllpOBaTb 

ll3MeHeHllR napaMeTpOB TOJIbKO B npe,aeJIax rpaHllll 

KOHlleHTpallllll. HH,aeKChI, pa3JIll1.J.alOIIJ;lle nepBll1.J.HOe BpeM$! 
nOllCKa OT BTOpll1.J.HOrO (nOllCKa B Te1.J.eHlle O)l(ll,aaHll$! 

OKOH1.J.aHll$! oopaOOTKll coopaHHhIX ,aaHHhIX), B npe,aeJIax 

KOHlleHTpallllM paOOTalOT JIY1.J.me, HO coop Heooxo,allMhIX 
,aaHHhIX MO)l(eT OhITb npaKTH1.J.eCKll HeB03MO)l(HhIM. .llPyrlle 
MeTO):lhI (HanpllMep, CbeMKH C HaY1.J.HO-llCCJIe,aOBaTeJIbCKOrO 

cy,aHa) ,aOJI)I(HhI Y1.J.llThlBaTbC$! ,aJI$! MOHllTopllHra ll3MeHeHllM B 

1.J.llCJIe, pacnpe,aeJIeHllll II pa3Mepax KPllJIR, TaK KaK llMeIOTC$! 

COMHeHll$! no nOBO):lY Ha,ae)l(HOCTll llH,aeKCOB, OCHOBaHHhIX Ha 

BpeMeHll nOllCKa KOHlleHTpallllll (KOTophle B 

,aeMCTBllTeJIbHOCTll pearllpYIOT Ha TaKlle ll3MeHeHllR), II B 
CB$!3ll C TeM TaK)I(e, 1.J.TO 3Tll llH,aeKChI OTHOCllTeJIbHO HeT01.J.HhI. 

B nepBYIO 01.J.epe,ab Heooxo,allMO YCOBepmeHCTBOBaTb Mo,aeJIb 

pacnpe,aeJIeHll$! KPllJI$!, KOTOpa$! JIe)l(HT B OCHOBe 
llCCJIe):lOBaHllR; 3TO, B03MO)l(HO, nOTpeoyeT, 1.J.TOOhI HaY1.J.Hhle 

CbeMKll npOBo,allJIllCb B HeOOJIbmllX paMOHax o,aHOBpeMeHHO 

co CbeMKaMll C npOMhICJIOBhIX Cy,aOB. 

Resumen 

Se establece un modelo para la operacion (que incluye tanto la 
busqueda como la pesqueria) de un arrastrero de krill japones 
durante una quincena. Se basa en un modelo subyacente de 
distribucion del krill cuyos panimetros estan determinados 
principalmente por las prospecciones cientificas FIBEX. El resultado 
de este modelo de operacion se compara con (y parcialmente se ajusta 
alas estadisticas de una muestra de datos de la pesqueria comercial. 
Se encuentra una anomalia mayor: la duracion del arrastre es 4-5 
veces mayor en realidad que en el modelo. Se introducen dos 
modificaciones al modelo ad hoc para eliminar esta anomalia: alargar 
los cardumenes de krill artificialmente, y permitir que los lances se 
realicen en mas de un cardumen. Se consideran veinticuatro indices 
posibles de abundancia (generalmente en forma de CPUE) para la 
biomasa de krill en el sector oceanico modelado de 600 millas 
nauticas cuadradas, se investigan sus funcionamientos en respuesta a 
las diferentes man eras en que la biomasa total del krill podria 
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declinar. Generalmente los indices reaccionan bajando relativamente 
menos que la disminucion proporcional de la biomasa. Las 
estadisticas de captura recopiladas actualmente (centradas 
principalmente sobre captura por tiempo de pesca) son de poca 
utilidad para detectar la disminucion de la biomasa. Los indices de la 
tasa de captura de combinacion que incorporan tiempo de busqueda 
dentro de la concentracion dan resultados mejores, pero solamente 
pueden controlar cambios en los parametros de la distribucion del 
krill dentro de una concentracion. Los indices que distinguen entre el 
tiempo de busqueda primario y el tiempo de busqueda secundario 
(explorando mientras se esta terminando la elaboracion) dentro de 
una concentracion funcionan mejor, pero la recopilacion de datos 
precisos puede que no sea practica. Otros enfoques (por ej. 
prospecciones de buques de investigacion) tienen que ser considerados 
para controlar cambios en el numero, distribucion y tamano de las 
concentraciones del krill, tanto porque hay dudas sobre la exactitud de 
los indices basados en el tiempo de busqueda de una concentracion (Ios 
cuales responden a tales cambios), como porque tales indices son 
relativamente imprecisos. Se de be dar prioridad a mejorar el modelo 
de distribucion del krill siendo la base del analisis; esto 
probablemente requiere que las prospecciones cientfficas sean 
planeadas para operar en zonas pequenas al mismo tiempo que los 
buques de pesca. 



1 . INTRODUCTION 

This document reports the results of a simulation study of krill distribution and the 
krill fishery in the Antarctic. The exercise is being undertaken on a contractual basis for 
CCAMLR to determine the (possible) utility of CPUE (catch-per-unit-effort) as an index of 
changes in krill biomass. A major objective is to provide insight regarding which particular 
catch statistics might most appropriately be collected to construct (CPUE-like) abundance 
indices with the greatest potential to reflect such changes. 

This paper details an attempt to model the Japanese Antarctic krill fishing operation. 
This operation is strategically very different from the Soviet fishery, models of which have 
been presented in Mangel (1987, 1988). In the Soviet fishery, the activities of locating and 
of fishing krill concentrations are largely the separate responsibilities of different vessels, 
and a large number of vessels works in close collaboration. In contrast, in the current 
Japanese fishery (at least as a first approximation), the trawlers operate singly and 
independently of each other [see Butterworth (1988)], and have each to find the krill 
concentrations as well as to fish them. 

The model developed has attempted to mimic the Japanese fishery in the "high 
season" (January-February). The reasons for this choice are discussed in Butterworth 
(1988); essentially, since catch rates are best in this period, it seems likely that future 
krill fishing will be concentrated in these months (as is already the case). A particular 
characteristic of the fishery over these months is that most hauls are reported to fish upon a 
single swarm of krill only. 

The model is intended to reflect the operation of a single trawler off Wilkes Land. 
Butterworth (1988) sets out in some detail the reasons for choosing this area in preference 
to the Scotia Sea (where most Japanese krill fishing now takes place). The overriding 
concern was that initial modelling attempts should be aimed at an operation and area with as 
few complicating factors as possible. 

The paper first describes the setting up of the underlying krill distribution model 
(section 2.1) for a 600 n mile square sector of the Southern Ocean and the basis for the 
choice of the distribution parameter values (section 2.2). The distribution model with these 
particular parameter values is designated the "base case". Chapter 2 then goes on to give a 
detailed description of the models used for the searching (both for concentrations, and for 
swarms within concentrations) and fishing operations. 

A sample of the standard data collected in the commercial fishery was provided for the 
1980/81 and 1981/82 seasons for a Japanese trawler that operated off Wilkes Land. 
Summary statistics are extracted from these data (section 3.1), and then compared to the 
"base case" simulation model output to check the realism of the model. This realism is 
improved by "tuning" some of the fishing operation model parameters to obtain better 
agreement between the data and the model output (section 3.2). 

This exercise highlights a fundamental inconsistency between the model and the data: 
typical swarm sizes and densities, together with mean catches per haul, cannot be reconciled 
with average haul times and towing only a single swarm per haul. Compatibility is restored 
by modifying the model in two different ways (section 3.3): 

(i) Artificially elongating swarms in the direction in which they are towed. 

(ii) Allowing hauls to tow through more than one swarm. 

For each of these approaches, the base case model krill distribution parameters are 
then adjusted in a variety of ways, each of which corresponds to reducing the overall krill 
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biomass in the 600 n mile square sector under consideration by 50%. The change in the 
average value (over 100 simulations) of a number of potential abundance indices (developed 
in section 3.4) is determined for each of these adjustments, to examine the abilities of these 
indices to detect a biomass decline. Further, the behaviour of each of these indices is 
examined over a range of krill biomass values, where the change in the krill biomass from 
its original level is effected by a randomly chosen combination of changes in distribution 
parameters (sections 3.5 and 3.6). 

Finally, shortcomings of the model are discussed (section 3.7), and conclusions are 
summarised and recommendations made in Chapter 4. 

2. THE SIMULATION MODEL 

The basic structure of the simulation model is set out in flow-diagram form in 
Figure 1. A trawler steams from its offloading point towards the southernmost limit 
("ice-edge") of the 600 n mile square oceanic sector under consideration. Once a 
concentration of swarms is found, either en route to the ice-edge or following searching once 
the edge has been reached, the trawler will seek suitable swarms to fish in that 
concentration, and continue fishing in this way until either the catch-rate becomes too low, 
bad weather intervenes, or the time has come to return to offload (15 days after 
commencement). In the case of either of the first two of these reasons, searching will 
continue (after a period has elapsed in the event of bad weather) until another concentration 
is found, and the process above is then continued. 

The sections of this Chapter that follow set out the details of each major element of the 
model as characterised in Figure 1, together with the rationale underlying that particular 
specification. 

2.1 The Krill Distribution Model 

In the first instance, it must be emphasised that the model developed here is a 
simplification of the real situation; it attempts to capture the main qualitative features of 
typical krill distribution patterns which would be relevant to the utility of catch statistics 
based indices as measures of biomass, but does D.Q1 try to incorporate all the detailed 
knowledge about krill aggregation behaviour that is available. If certain abundances indices 
are indeed found not to have utility in this simplified situation, it is highly unlikely that the 
introduction of more detail into the distribution model would change this conclusion. On the 
other hand, if some promising candidate indices are revealed by this analysis, then the 
suitability of those indices should also be checked by simulation for more detailed krill 
distribution models; however, such an exercise is outside the scope of this initial 
investigation. 

The largest scale considered in the model is a "sector" of the Southern Ocean. This 
sector is a square with sides of 600 n miles and approximates an area between, say, 
latitudes 60

0
S and 70

0
S spanning 20° of longitude. Clearly the simplest assumption to make 

would be that there is a uniform average density of krill in the area. However, a stratified 
habitat distribution as shown in Figure 2 has been used. 

One of the reasons for deciding to use a stratified habitat is that scientific sighting 
surveys of minke whales (a major krill predator) carried out by the International Whaling 
Commission have shown that this species preferentially congregates close to the Antarctic 
ice-edge during the summer months [Butterworth et al (1987)]. It has therefore been 
presumed that the southern most subsector S1 (see Figure 2) is the most preferred habitat, 
and that preference for habitats decreases with movement northward. 
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This description is more representative of the south Indian and southwest Pacific 
Oceans (e.g. off Enderby Land and off Wilkes Land). For an initial modelling study, it is more 
convenient and appropriate to deal with such regions of simpler geography rather than, say, 
the complexities of the Scotia Sea with its island related krill distributional patterns [see 
Butterworth (1988)]. 

The South African FIBEX survey, which covered latitudes 60
0

S to 69°S in the Indian 
Ocean sector off Antarctica, did not show a correlation of krill abundance with latitude 
[Hampton (1985)], which argues against the habitat structure adopted for this krill 
distribution model. However, Hampton (pers. commn) suggests that it would be inadvisable 
to attach too much importance to this result. Although the survey in question commenced 
with its southern most transect very close to the ice-edge, a major storm occurred within 
hours, changing conditions and rendering it impossible for the survey vessel to resume its 
original east-west trackline, so that it is questionable whether it really managed 
representative coverage of the near-ice-edge area. Further, discussions with the Captain of 
a Japanese krill trawler (Captain Fukui, pers. commn, September 1987) confirmed that his 
operations off Wilkes Land are generally within 100 n miles of the ice-edge, and often much 
closer (f 10 n miles) than that, which provides support for the form of habitat structure 
adopted. 

The basic model for the krill within this sector is one of "patches within patches": 
the sector contains a number of concentrations of krill, and these concentrations consist in 
turn of collections of swarms, whose size is smaller than that of a typical concentration. The 
justification for a distributional model of this type is based on the more detailed hierarchical 
classification proposed by Kalinowski and Witek (1982, 1985) [see Butterworth and 
Miller (1987), Appendix I]. Attention has been restricted to swarms, as layers have too 
low a density for fishing them to be economic, and fishing on superswarms seems to be a 
relatively infrequent phenomenon [Butterworth (1988)]. 

The sector is taken to contain Ne concentrations of krill (see Figure 3). These 
concentrations are assumed to be circular with radius Le' where Le varies from one 
concentration to the next. Each concentration contains some number of swarms of krill. It is 
assumed that the number of swarms in a concentration (given a fixed total biomass in the 
sector) is proportional to its area. Thus, if Le denotes the radius of the ith concentration, the 
number of swarms in that concentration is given by: 

( 1 ) 

where Dei is the density of that concentration in swarms per unit area. Although De 
may vary between concentrations, it is not (in terms of the assumption above) correlated 
with concentration size. 

Individual swarms in the concentrations are characterised by physical location, 
length scale, density, and the nature ("quality") of the krill in the swarm. The centre of 
each swarm is assumed to be located uniformly and randomly within its concentration, i.e. 
any possible spatial correlation in the distribution of swarms within a concentration has 
been ignored. Each swarm is assumed to be circular in the horizontal plane with a radius r, 
and to contain krill of density 8 measured as a biomass per unit area; both rand 8 vary from 
swarm to swarm within a concentration. 

Krill quality is a major concern for the Japanese fishery. Generally the larger sized 
krill are preferred, and "green" krill are avoided [see Butterworth (1988)]. It is not 
clear whether size and greenness are swarm or concentration properties, [although 
comments by Captain Fukui (pers. commn) suggest that they tend to be the latter] and the 
time scale over which greenness persists is unknown [Captain Fukui commented that this is 
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definitely at least a few days, and that he suspects it is a few weeks]. For simplicity here, 
these quality factors will be ignored, though they should be an aspect for attention in 
subsequent studies. There is some further justification for ignoring greenness in this 
particular case, as the commercial data sample to which the simulation model output is to be 
compared was deliberately selected for a period where greenness was not a concern for the 
parent company of the vessel concerned [see Butterworth (1988)]. 

Although concentrations and swarms within concentrations undoubtedly do move, the 
model used for this study is quasi-static. For computational simplicity, general movement 
of the krill concentration field will be mimicked by keeping the position of the 
concentrations fixed and moving the fishing vessel (for example, during periods of bad 
weather - see section 2.4). Very large scale movements cannot be taken into account at this 
stage, because the simulation is restricted to a "sector" within which the krill biomass 
remains fixed (apart from the effects of fishing). Again, if a candidate abundance index 
proves to have no utility for monitoring biomass for this simple model, it is most unlikely 
that it would perform any better for a more complex model of krill movement. 

However, in order to capture some effects of motion, a random search formula, 
rather than exhaustive search, will be used to characterise search both for concentrations, 
and for swarms within concentrations. This is discussed in more detail in section 2.6. 

2.2 Setting the Krill Distribution Parameter Values 

The following notation is used in this and following sections: 

U[A,8] indicates a uniform distribution over the range [A,8] (from which a 
random number is drawn) 

N[O,0'2] indicates a normal distribution of mean zero with a standard deviation 0'. 

2.2.1 Habitat Stratification 

It is assumed that the ratio of the densities of krill in subsectors S1: S2: S3: S4: Ss is 
12:6:4:3:2. Note that the two southern most subsectors have narrower widths than the 
others, so that the corresponding abundance ratios are 6:3:4:3:2. There is little specific 
justification for the numerical choices made here (which could of course be varied), though 
the International Whaling Commission Antarctic minke whale surveys do indicate minke 
whale densities within - 10 of latitude of the ice-edge (cf: stratum S1) are typically 2-4 
times the densities further north [8utterworth et al (1987)]. 

2.2.2 Number of Concentrations 

The estimate of the number of concentrations in the 600 n mile square sector that has 
been used in this study is: 

( 2 ) 

This estimate is based in the first instance on diagrams in Ichii (1987) of the 
operations of a Japanese trawler off Wilkes Land, which suggests a typical 
inter-concentration distance of about 100 n miles. It was then (partially) tuned so that the 
simulation model output produced values for total concentration searching time (TeST) 
roughly equivalent to those evident from the sample of commercial fishing data available. 



2.2.3 Radius of (Circular) Concentrations of Swarms 

The radii of concentrations are drawn at random from the following distribution: 

Le = U[1 O/-V;;;, 20/"~] n miles 

The basis for this choice is to be found in Butterworth and Miller (1987), Appendix I 
[which is essentially extracted from information in Kalinowski and Witek (1982, 1985)], 
which describes concentrations as extending over distances of 1 to 100 km. The {;;; factor is 
an historical anomaly; it originated from maintaining equal concentration areas in two 
earlier analyses, one of which had modelled concentrations as square in shape. It has been 
maintained here to preserve some consistency with earlier work. 

2.2.4 Surface (Areal) Density of Krill Within a Swarm 

The surface densities (Le. integrated over the vertical dimension) of krill swarms 
within concentrations are drawn at random as follows: 

o = 150e£ g/m2 £ from N[0,(1.4)2] ( 4 ) 

Butterworth and Miller (1987) quote a range of 10 to several hundred g/m3 for the 
volume density of krill in a swarm. The combined results from FIBEX [BIOMASS (1986), 
Table XI] give a mean krill volume density p = 59 g/m3 and a mean swarm thickness of 5 m; 
this corresponds to a mean surface density 0 == 300 g/m2 . Kalinowski and Witek (1983) fit 
the p distribution with a log-normal distribution corresponding to N[4.28,(1.40)2], for 
which the median p is 72 g/m3 • 

BIOMASS (1986), Table XI also indicates that: 

c.v.(swarm thickness) - 0.25 c.v.(horizontal dimension) 

so that the variability of swarm thickness is relatively negligible for the purposes of these 
calculations. 

Accordingly, this suggests: 

where E from N[0,(1.4)2] 

However, it should be noted that most of the data that contributed to the estimates 
above were collected in the Antarctic Peninsula area. Butterworth (1988) quotes Japanese 
Captains' statements that krill catch rates (which seem to relate primarily to 
within-swarm density) are higher in the Scotia Sea compared to the area off Wilkes Land. 
Further, Shimadzu (pers. commn) advises that swept-area experiments off Wilkes Land 
yielded density estimates of 5-10 g/m3 over a 20 m deep net mouth, which correspond to 
surface densities 0 = 100-200 g/m2 • 

Since the sample of commercial data with which the results of this simulation are to 
be compared was taken from an operation off Wilkes Land, the median density value suggested 
above was halved to the 150 g/m2 used. 
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2.2.5 Radius of (Circular) Swarms Within a Concentration 

The radii of swarms within concentrations are drawn at random from the 
distribution: 

2 e from N[0,(1.1) ] ( 5 ) 

Butterworth and Miller (1987) [extracted from Kalinowski and Witek (1982, 
1985)] state "swarms are several tens of metres long". The FIBEX data [BIOMASS (1986), 
Table XI] give the mean intersected swarm length A = 73 m. Kalinowski and Witek (1983) 
fit intersected swarm length by a log-normal distribution corresponding to 
N[3.69,(1.09)2], for which the median A - 40 m. 

If swarms are assumed to be circular, the radius r is related to A by: 

r = (2/11:)A ( 6 ) 

so that the FIBEX data correspond to a mean r - 47 m, and Kalinowski and Witek's (1983) 
results to a mean r - 25 m. 

This would seem to suggest that the median value for r of 50 m adopted for this 
analysis may be rather too high, particularly as the estimates extracted from the data should 
be modified further by the e-a2!2 factor for mean-to-median conversion for a log-normal 
distribution. Further, intercept survey [on which the BIOMASS (1986) results were based] 
is size biased, and will give a positively biassed estimate of the average radius of circular 
swarms. On the other hand, the non-circularity of swarms that occurs in practice will 
introduce a bias in the other' direction [Hampton (1985)]. A further fact which suggests 
this median value choice may be too large is that Kalinowski and Witek (1983) fit the 
distribution of swarm biomasses by a log-normal corresponding to N[6.03,(2.54)2], for 

which the median swarm biomass Bs = 0.42 tonnes. This corresponds to a mean Bs = 10.5 

tonnes, which is somewhat less than the Ss = 35 tonnes to which the chosen distribution 
model parameters correspond (see summary subsection following). These aspects have not 
been pursued further at this stage, but merit more investigation in due course. 

2.2.6 Density of Swarms Per Unit Area in a Concentration 

Swarm densities within concentrations have been generated from: 

Dc = 20e£ (n miles)-2 e from N[0,(0.1 )2] ( 7 ) 

The rationale which follows for estimating the median value, was drawn to the 
author's attention by I. Hampton. 

Consider an' area A containing Ns circular swarms each of radius r. If F is the 
fraction of the area A that is covered by the swarms, then: 

( 8 ) 

For an echosounder based line intercept survey of krill swarms, the echosounder 
beam width is much less than the typical swarm diameter (-100 metres), so that if s is the 
average distance between swarms detected on the echosounder, and given that these swarms 
have been assumed to be circular, an estimate of fractional cover F is provided by: 
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F = [2r·nI4]/s (for s » r) ( 9 ) 

so that: 

De = Ns/A = 1/(2rs) ( 1 0) 

Inspection of the sample of data provided from the Japanese krill fishery suggests 
that s ~ 3 n miles [see distance between successive hauls (DBH) in Table 1 )]. However, 
application of equation (10) is inappropriate in this case, as it seems from comments made 
to the author by Mr Ichii and Captain Fukui that sonars (of much wider effective search 
width than echosounders) do play a major role in swarm detection by the fishing vessels [in 
contrast to the impression given in Butterworth (1988)], and also because it seems that 
there is considerable selection taking place in the choice of swarms for fishing (see section 
2.7). Nevertheless, equation (10) can be applied to the FIBEX results which report an 
average inter-swarm spacing of 2.2 km [BIOMASS (1986)]. Taking r = 50 m then, 
gives De = 15.6 swarms per (n mile)2. 

The s = 2.2 km FIBEX figure includes some effective between-concentration as well 
as the within-concentration spacings, and hence is positively biased for the purpose used 
here. Accordingly, the median value in (7) was rounded upwards from the estimate obtained 
using equation (10). The choice of a value for the variance is semi-arbitrary; some 
variation seems appropriate to allow for differences in De from concentration to 
concentration, which must exist in practice. 

2.2.7 8ummary and Relation to Circumpolar Krill Biomass 

The krill distribution model parameters chosen (for what will subsequently be 
referred to as the "base case") are therefore: 

Relative densities of strata: 
Number of concentrations: 

Concentration radius: 
8warm density: 
8warm radius: 
8warm (areal) density: 

81:82:83:84:85 = 12:6:4:3:2 
Ne = 36 
Le = U[10I\ln, 20/.y~] n miles 
De = 20ee (S)-2 e from N[0,(0.1 )2] 
r = 50ee metres e from N[0,(1.1 )2] 
0' = 150ee g/m2 e from N[0,(1.4)2] 

( 1 1 ) 

These parameter values can be used to compute the overall abundance of krill to 
which the distribution model then corresponds. Using the median values for the parameter 
distributions yields: 

8warm biomass: 
Number swarms in concentration: 
Concentration biomass: 
8ector biomass: 
Biomass around Antarctica: 

Bs = 0' n r2 = 1.18 tonnes 
Ns = De n Le2 = 4 500 
Be = NsBs = 5 300 tonnes 
Bsee = NeBe = 0.19 million tonnes 
BAnt = 18 Bsee = 3.4 million tonnes. 

This last figure seems at least an order of magnitude too small. Estimates of 
(historic) krill consumption by predators have been in the 100-200 million tonne range. 
Growth rate and longevity estimates for krill [see Rosenberg et a/ (1986)] suggest a 
production:biomass ratio for krill certainly rather less than unity, so that 500 million 
tonnes might be an appropriate order of magnitude estimate for the circumpolar krill 
biomass. 
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However, the calculations above need to be amended to take into account the bias 
factors that arise when distributions rather than single values are used for the parameters. 
For example, the mean of a log-normal distribution (used above for De, rand 0) is not equal 
to its median as utilised in the preceding calculation, but is a factor ecr2/2 larger. Revised 
multiplications along these lines yield mean values: 

Bs = 35.3 tonnes 

Ns = 4 690 

Be = 166 000 tonnes 
Bsee = 6 million tonnes 
BAnt = 108 million tonnes 

which appear to be far more realistic figures. 

The basic distribution model, and the rationale for the choice of parameter sp16 
values, were presented to participants at a BIOMASS SIBEX Workshop in Cambridge in July 
1988. While the obvious shortcomings of the model were recognised, it was generally 
agreed that existing data were neither adequate to allow substantial improvements to the 
model at this time, nor radically in conflict with any aspect of the model. 

2.3 Generation of the Krill Concentration Field 

The total of Ne = 36 concentrations is located in the basic 600 n mile square sector 
with its stratified habitat, where the southernmost strata are the more preferred regions 
for krill concentrations. The east-west coordinate of each concentration centre is selected on 
a uniform random basis from [0,600] n miles; the north-south coordinate is also selected 
at random from [0,600] n miles, but from a step-wise uniform distribution corresponding 
to the relative densities chosen for the stratified habitats. A particular realisation of the 
procedure is shown in Figure 3. 

For computational convenience in simulating the fishing operation, two constraints 
are applied in generating this distribution: potential concentrations whose position and 
radius (selected from Le = U[1 O/-V;;;, 20/-V-;'] n miles) are such that they overlap the 
sector boundaries are disallowed, and potential concentrations which overlap those already 
placed in the sector are similarly excluded. 

The chosen parameters are such that a considerable fraction of the potential 
concentrations (typically some 15% of the desired total number) can be excluded by these 
constraints. Accordingly, in scenarios (see section 3.5) where the Le range is reduced for 

comparative abundance index studies, the original [1 O/f;., 20/-V-;'] n miles range is used in 
applying the constraints when setting up the concentration field, and only then are the 
concentration radii all diminished by the desired fraction. 

2.4 Bad Weather Periods 

Ichii (in litt., 30 May 1988) has provided information on the frequency with which 
bad weather led to suspension of Japanese krill fishing operations. In his compilation, 
drawn from the 1973/74 to 1985/86 seasons, a total of 37 out of 1472 days, or 2.5%, 
were affected. The frequencies of the durations of these bad weather periods were: 
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one day 68% 
two days 28% 
three days 4% 

In the simulation, the probability that bad weather commences (as distinct from 
occurs) on a particular day within the 15 day (half-month) period under consideration is 
accordingly taken to be 0.02. The duration of that period is chosen at random to be 24, 48, 
or 72 hours according to probabilities of 0.68, 0.28 and 0.04 respectively. The time of 
onset of a particular period of bad weather during the day concerned is selected at random. 
Bad weather will not, however, recommence on the same day that a previous period of bad 
weather abated. [Note that this is a slightly more complex prescription than in the study by 
Mangel (1987), where the bad weather periods all commence and end at midnight.] 

Once bad weather commences, the vessel can neither search for concentrations nor 
seek and fish swarms within a concentration (though a trawl in progress at the time of 
commencement will be completed); however, transit both to and from offloading remains 
possible. One minor exception to this (for computational convenience) is that if bad weather 
occurs while the vessel is en route to its chosen spot on the ice-edge, and its track intersects 
a concentration during that bad weather period, it waits at that position and commences 
fishing once good weather returns. If bad weather occurs on the way back to the offloading 
point, this is counted as transit time rather than loss to bad weather; this is because the 
vessel continues searching/fishing until the last possible moment that will allow it to get 
back (travelling at 10 knots) to the offloading point within the 15-day deadline, and so 
would be unable to fish on any concentrations that might be detected on the return trip -
hence bad weather at such a time does not result in the loss of any opportunity to fish. 

A vessel affected by a 24/48/72 hour period of bad weather is moved 50 n miles in a 
random direction (reselected if it would move the vessel outside the sector boundaries), and 
has to recommence searching for a concentration at the end of that period. To a limited 
extent, this mimics movement of the krill concentration field. (This movement does not 
occur in the case of the minor exception discussed in the preceeding paragraph.) 

The model feature of "losing" concentrations during bad weather is not entirely 
realistic, as echo sounders do enable vessels to search and keep track of swarms during such 
periods. However, no allowance has been made in the model for temporal variability in the 
parameters describing a concentration and the distribution of krill within it, because of the 
absence of pertinent data to parameterise such effects. Dispersion of a concentration would 
lead to a vessel leaving to search for another concentration because of a drop in catch rate, so 
that the manner in which bad weather consequences are modelled can be considered in part as 
a surrogate for the effect of such temporal variability. 

2.5 Initial Searching Strategy for Concentrations 

Ichii (pers. commn) advises that a Japanese krill trawler needs to offload at a cargo 
vessel typically twice a month; accordingly, a 15 day period (a "half-month") was chosen 
for this simulation study. The trawler commences operations for the half-month from the 
offloading position, which is assumed to be on the western boundary of the sector at a 
distance 100 miles from the ice-edge [Le. the point (0,100)]. This choice may be rather 
larger than is realistic, as Ichii (in litt., 30 May 1988) advises that his experience is that 
the cargo transfer is carried out close to the ice-edge to take advantage of the calmer 
conditions there. 

Butterworth (1988) reports that "the opening strategy is often to move to an area 
where good catches were made the previous season". This "area" is assumed in the 
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simulation model to be close to the ice-edge and near the east-west midpoint of the sector, so 
that the vessel sets an initial course for the point (300,0), steaming at the searching speed 
of 10 knots. 

If no krill concentration is encountered, the vessel commences its general search 
strategy once the ice-edge is reached. However, if an encounter takes place - determined in 
the simulation model by checking whether the transit line intersects the circular boundary 
of any of the concentrations placed in the sector - fishing commences on the first 
concentration found in this manner. Once fishing on this concentration has concluded, the 
vessel commences its general search strategy from the position of that concentration, Le. the 
original strategy of heading for the ice-edge is "forgotten"; having found krill in that 
vicinity, the vessel would regard it as a "good area" and so consider it worthwhile to seek 
further concentrations in that region. 

The period steaming to the ice-edge (except insofar as bad weather intervenes) is 
regarded as "concentration searching time" (CST) commensurate with that incurred during 
the exercise of the general search strategy described in the next section. 

2.6 General Search Strategy for Concentrations 

In order to capture some of the effects of concentration movement, a random search 
formula rather than an exhaustive search process is used to characterise the search for 
concentrations. Suppose that an area A contains a krill concentration and that this area is 
searched at rate Ws units of area per unit time, so that after t units of time the area searched 
is Wst. In exhaustive search, if Wst is greater than A, the concentration is detected with 
probability 1. In circumstances where the concentration moves relative to the searcher, it 
could move back into a region which has already been searched. Such a situation can be 
regarded as a random search, and under very general conditions random search is 
characterised by the formula (see Figure 4): 

Prob {detecting the object after t time units} = 1 - exp(-WstlA) 

For this analysis, this formula becomes: 

where: 

Prob {detecting a concentration after t hours} = p(t) = 1 - e-wdvt 

w is the effective search width (n miles) 
d is the density of concentrations (per n mile2) 

v is the searching speed (knots). 

( 1 2 ) 

( 1 3 ) 

Since echosounder and sonar beam widths are much less than the modal concentration 
radius used (1S/{;; == 8.5 n miles), the effective search width is taken to be the modal 
concentration diameter: 

w = 17 n miles 

(Le. a concentration is detected if the vessel crosses its boundary). 

For the searching speed: 

v = 10 knots 

14 



and for the southern most stratum in the base case: 

d = 12/(75 x 600) = 1/3750 (n miles)-2 

so that the random search formula becomes: 

p(t) = 1 - e-0.0451 ( 1 4 ) 

which corresponds to a mean search time to find a new concentration of 22 hours. 

This formula must be adjusted for strata with different concentration densities, or 
simulations where the modal Le value is changed; in general, it becomes: 

p(t) = 1 - exp{-0.045 (3750d) (Le/8.5) t} ( 1 5) 

The search for concentrations is considered in blocks of time which are each of 8 
hours duration. The reason for this limitation is to allow the value of d in equation (15) to 
be changed if the vessel's search moves it into a stratum with a different concentration 
density. Thus, a random number u from U[0,1], coupled with a value for d corresponding to 
the vessel's position at the start of that search time block, is used together with equation 
(15) to determine the time t until a concentration was found as follows: 

t = - [In(1 - u)]/[0.045(3750d)(Le/8.5)] ( 1 6) 

If equation (16) provides a value t > 8 hours, the vessel is moved to a new position, 
and the process repeated until a value of t < 8 hours is obtained. 

As the vessel would not necessarily steam along a single straight line over such an 8 
hour period, 80 n miles is the maximum distance the vessel could have moved from its 
position at the start of the search time block. For simplicity, it is assumed that the actual 
distances in n miles moved by the vessel from its various starting pOints are drawn at 
random from the uniform distribution U[0,80]. The vessel is then moved the selected 
distance in a randomly chosen direction, and the calculations are repeated for the next search 
time block. (The direction is reselected if it is such as would move the vessel outside the 
sector boundaries.) 

Once equation (16) yields a value of t < 8 hours, the simulation model program 
determines which concentrations (i) have their centres a distance Si from the vessel's 
starting point for that search time block, where Si < 10t. Note that 10t n miles is the 
maximum radial distance that the vessel could have steamed from the starting point in 
t hours. If there are no such concentrations, the vessel is moved some distance within a 
circle of radius 1 Ot n miles. This distance is calculated on the same basis as described in 
the preceding paragraph, and another 8 hour search time block then commences at a time 
thou rs later. 

Alternatively, one or more concentrations are found within this 10t n mile radius. 
If only one is found, this is the concentration taken to be discovered. If more than one 
possibility exists, a choice (using random number generation) is made between those 
concentrations based on the relative weightings: 

(1 7) 

The rationale for the Lei term is that larger concentrations are more likely to be 
discovered, as the effective search width is proportional to concentration radius. In the 
absence of any concentration within a 10t n mile radius, the vessel would move a distance 
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drawn from U[0,1 Ot], so that the distribution of distances to concentrations actually found 
should have a similar form. However, because of the expanding area effect, the number of 
concentrations possibly discovered will increase linearly with s (on average), so that larger 
values of s from the [0,1 Ot] range would be favoured. The denominator term involving s in 
equation (17) was introduced to compensate for this effect; the added 10 n miles is an ad hoc 
adjustment to deaccentuate what would otherwise be very high weights accorded to 
concentrations very close by. 

In cases where the previous concentration has been left because of a poor catch rate, 
the simulation model program precludes the vessel from rediscovering this same 
concentration during this search process (though it could be rediscovered later after another 
concentration has been fished). This restriction does not apply to cases where bad weather 
has interrupted the fishing, however. 

Throughout these calculations, checks are made regarding the onset of bad weather and 
the need to return to the offloading point [identical to the (0,1 OO) commencement point] 
before the end of the 15 day period. In circumstances where either of these deadlines occur 
at a time f after commencement of a search time block, and f ~ min [t,8] where t is 
determined from equation (16), only f hours is added to the "concentration searching time" 
(eST) and this period of search is regarded as unsuccessful. 

2.7 Generation of the Krill Swarm Field Within a Concentration 
- Fishing Selectivity 

To save on computer time requirements, the swarm field within a concentration is 
only set up if that particular concentration is discovered in the searching activities during a 
specific simulation run. Values of the parameters of the distributions of 0 , r and Dc are 
needed for this process and are generated using equations (11). 

The question arises of whether swarm radius and density are correlated, i.e. do larger 
swarms tend to be more (or less) dense than average? From the Kalinowski and Witek 
(1983) log-normal fits to p and A, it follows that: 

( 1 8 ) 

This is very close to the variance of their log normal fit to swarm biomass 
[(2.54)2], suggesting little covariance between swarm size and density. This provides some 
justification for the simulation model procedure of generating the rand 0 parameters for a 
particular swarm from independent distributions. 

What would be the average catch per swarm taken from a swarm distribution with the 
parameter values of equation (11), by a typical fishing net of size 20 m by 20 m? The 
vertical range of most swarms would be completely encompassed by such a net, so that a well 
directed tow on a circular swarm would yield on average: 

C = 20 ·2 r· B 
20 ·2 . 50 exp{(1.1}2/2} . 150 exp{(1.4}2/2} g 

= 1.46 tonnes 
( 1 9) 

This cannot be reconciled with data in Shimadzu (1984) that the average number of 
swarms trawled per haul is 1.5, and in Shimadzu (1985) that the average catch per haul of 
the Japanese independent trawlers is about 6 tonnes (8 tonnes for the specific commercial 
data set examined in this study - see Table 1), unless (as indeed might be expected) 
considerable selection is taking place. 
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The simulation model program assumes that only those swarms whose biomass 
exceeded a certain limit (Bmin) are selected by the fishery. In reality, the Captain does not, 
of course, make a quantitative estimate of the actual swarm biomass, but rather exercises 
his judgement based on the indications of swarm size and density evident from his 
echosounder and sonar. Swarm biomass is a simple and convenient way of combining the 
measures that will contribute to the Captain's decision into a single quantity. The limit is 
chosen to provide an average catch per swarm in the vicinity of 8 tonnes (as in Table 1 - see 
section 3.2), and further incorporates a stochastic component to allow for the fact that there 
will be imprecision involved in a Captain's estimate of whether a swarm is sufficiently large 
to warrant its being fished. Thus, the biomass of each swarm generated in the swarm field 
creation procedure is compared with: 

E Bmin e tonnes E from N[0,(0.2)2] (20) 

and only those swarms of greater biomass are regarded as "fishable". 

The value chosen for the variance in equation (20) is the same as used in modelling 
the precision with which the Captain estimates the amount of krill caught while the haul is 
taking place, the basis for which is discussed in section 2.8 [immediately preceding equation 
(22)]. 

The limitation of equation (20) means that only a smallish proportion of the total 
number of krill swarms are fishable (about 7% and about 30% for two modified models 
eventually considered - see sections 3.2 and 3.3). The simulation model program only needs 
to retain the parameter values of this subset of all the swarms in the concentration, which 
saves considerably on storage needs and calculation time. 

The positions of the centres of each fishable swarm within the concentration are 
selected at random (Le. possible spatial correlation is ignored). This is the only constraint 
applied; the swarms are not precluded from overlapping each other or the perimeter of the 
concentration. A particular realisation of this process is shown in Figure 5. 

For reasons discussed earlier, the simulation model does not take into account any 
krill quality aspects - neither "greenness" nor size. 

2.8 Searching and Fishing for Swarms Within a Concentration 

The initial swarm fished in the concentration discovered is selected at random from 
all the swarms, irrespective of its position in the concentration. [Note: for terminological 
convenience, "swarm" is used in this section in the sense of a "fishable swarm", as defined 
in section 2.7, unless specifically indicated otherwise]. Fishing on this swarm is assumed to 
commence immediately upon discovery of the concentration, without expenditure of any 
further search time. 

The catch made during a tow is given by: 

C = min[40ro, Bs] ( 21 ) 

This assumes that swarms are towed along their diameter using a net with 
20m x 20m mouth opening, that this net encompasses the complete vertical range of the 
swarm, and that there is no substantial net avoidance behaviour by the krill. In earlier 
work the inclusion of an adjustment factor to allow for larger swarms being more easily 
towed close to their diameter was considered. However, the typical size of those swarms 
which are ultimately selected as fishable swarms is » 20m, so that this aspect (whose 
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quantitative parametrisation is problematic anyway) has been disregarded because such 
large swarms are probably easily targeted. Note that as swarms are assumed to be circular, 
no allowance "needs" to be made for the Japanese trawlers having to carry out their tows 
with the wind behind them [Butterworth (1988)]. 

The simulation model program does also allow for tows being curtailed before the net 
has passed through the whole swarm. This occurs on occasions because the vessels have 
limited processing capacity, and the complete catch from a haul has to be processed within a 
certain period before the krill deteriorates. Because the turnaround time from one haul to 
the next is roughly two hours, the Captain will aim to make a catch that is about twice the 
vessel's hourly processing capability. Data on vessels' exact processing capabilities are not 
available (the information is classified for commercial reasons), but Ichii (pers. commn) 
advises that for the vessel for which the data sample was provided, the processing capability 
was in the vicinity of 5 tonnes/hour. 

It is therefore assumed in the simulation model that the Captain aims for a catch of a 
maximum of 10 tonnes, and curtails his fishing time accordingly. The Captain's estimate of 
the curtailment time will, however, be subject to error, and Captain Fukui (pers. commn) 
suggested that the catch made could typically differ from that intended by some 20%. Thus, 
the maximum catch permitted in a haul by the model is: 

Cmax = 10 eB tonnes £ from N [0,(0.2)2] (22) 

The hauling time that is recorded in the standard data reported for the krill fishery 
corresponds to the period from the net reaching the desired towing depth to the moment when 
the net starts to be raised; this will be referred to as the "fishing time" (FISHT). Captain 
Fukui (pers. commn) advised that the net generally reaches the intended depth about 300 m 
before entering the krill swarm itself. If b metres is the length of the swarm towed through 
[calculated from equations (21) and (22)], then as the trawlers tow at 2 knots, the fishing 
time is calculated as: 

FISHT = b/(2 x 1852) + 0.08 hours (23) 

Allowance must also be made for the time required to lower the net to the desired 
depth, and later to recover it back on deck with the catch. Rough estimation using a small 
sample of some very detailed data collected by one particular Japanese trawler during the 
1986/87 season (and kindly provided by Or Shimadzu) suggested: 

tlower = 0.33 e£1 

traise = 0.33 e £2 

hours 

hours 

£1 from N[0,(O.35)2] 

£2 from N[0,(O.12)2] (24) 

where the lowering time is measured from the moment the swarm is first detected to the 
instant the net reaches the desired depth (and FISHT begins). Ichii (in litf., 30 May 1988) 
advises that both these times are correlated with the depth of the haul. The model has 
therefore, pending further analysis of available data, assumed the extreme of exact 
correlation [Le. generate £1, then £2 = 0.12 £1/0.35]. 

The effect· of fishing on a swarm is assumed to be only a reduction in that swarm's 
radius. The position and surface density 0 are taken to be unchanged, and the revised radius 
is calculated to correspond to the original biomass of the swarm less the catch made. 

The initial version of the simulation model restricts hauls to towing through a single 
swarm. For reasons discussed in section 3.2, this restriction has been relaxed in a 
subsequent modification. In this modification, once a concentration is found, the parameters 
of the fishable swarms only are stored as before, but if after towing through one of these 
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fishable swarms, the "Captain" estimates that he has yet to obtain the desired total catch of 
10 tonnes, he continues the haul. He then fishes on further swarms which he finds in his 
path until either a maximum towing distance TOW max (taken here to be 4 n miles) is 
reached, or he estimates that the additional krill taken from these further swarms has 
resulted in his catch now having reached 10 tonnes. 

To effect this in the modified simulation model for cases where towing continues 
beyond the initial swarm, further swarms (of any size, not only fish able swarms) are 
generated in the manner described in section 2.7 in a rectangular area. This area is of length 
TOWmax less the distance already towed at the point of exiting the initial swarm, and width 
0.5 n miles either side of the vessel's trackline. Only the parameters of those swarms 
which intersect the trackline, or whose perimeters come to within 17.5 metres of the 
trackline (corresponding to an assumed sonar detection width), are stored. For the 
computational convenience of avoiding having to deal with overlapping swarms, the distances 
between swarms intersecting this "sonar band" around the trackline are increased so that 
swarms which did intersect in this band consequently only touch at their boundaries; any 
swarms overlapping the TOWmax distance as a result are excluded. The vessel then fishes 
each swarm in turn along its longest chord within the sonar band (Le. deviation by the vessel 
up to 17.5 metres either side of the trackline to effect this is allowed), until TOW max is 
reached or the estimated catch exceeds 10 tonnes (this may involve ending the haul midway 
through one of the subsequent swarms). A particular realisation of this process is shown in 
Figure 6. 

Once the net has been raised, searching commences for another swarm on which to 
tow. [Strictly, this searching starts at some stage during the raising of the net (Ichii, pers. 
commn), but this factor is ignored in the model for simplicity.] If a good catch rate has been 
obtained from the swarm just fished, attempts will be made to relocate and refish that 
swarm. [A further criterion in practice is whether the catch contained the larger sizes of 
krill, though this is beyond the scope of this model which ignores krill quality aspects.] 
Ichii (pers. commn), in the light of observations made on a Japanese krill trawler, 
estimates that such attempts are made after some 40% of the hauls, but that only about half 
of these are successful in relocating the swarm just fished. In the program, therefore, 
whenever: 

C/FISHT > (C/FISHT)rpt (25) 

the swarm just fished is refished with a probability of 0.5. When refishing occurs, a fixed 
period of 0.2 hours was added to the "total primary searching time" for swarms (TPST). 

The value of (C/FISHT)rpt in constraint (25) is chosen to have the program produce a 
refishing attempt probability in the vicinity of Ichii's 40% estimate (see section 3.2). The 
0.2 hours is slightly less than the average interswarm searching time recorded for a 
Japanese trawler in the 1986/87 season [see discussion following equation (27)]. More 
than one sequential retowing of a swarm is possible; the model program repeats the above 
procedure until constraint (25) is not satisfied, or the swarm is not relocated (as 
determined by random number generation and the 0.5 relocation probability). 

If refishing of a swarm does not occur, search has to be conducted for a new swarm to 
fish. The computational procedure used is basically identical to that described for 
concentrations in section 2.6. The random search formula used [analogous to equation (15), 
with t again in hours] is: 

p(t) = 1 - exp {-4 (Dc/20) (S/Sb) t} (26) 
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where: De is the density of swarms per (n mile)2 

S is the selectivity, which is the ratio of the number of fishable swarms [from 
equation (20)] to the total number of swarms in the concentration 

S b is the selectivity for the base case krill distribution parameters. 

Mangel (1988) considers a more detailed model for searching for swarms within a 
concentration, and reports that it results in distributions of search times that are well fitted 
by exponential distributions of the form of equation (26). 

For the base case, De = 20 and S = Sb so that: 

p(t) = 1 - e- 41 (27) 

which corresponds to an average search time of 0.25 hours. The value of 4 was in fact 
chosen on the basis that a sample from the time-budget data collected on a Japanese trawler 
during the 1986/87 season, and provided to the author by Dr Shimadzu, indicated a mean 
interswarm searching time of about 15 minutes. Ichii (in litt., 30 May 1988) advises that 
he observed interswarm searching times of about 10-15 minutes off Wilkes Land in the 
1985/86 season, and that the time to rediscover the same swarm was comparable. Note that 
this implies less efficiency than the random search formula [equation (13)] indicates, the 
equivalent parameter values for model modifications to be considered (see sections 3.2 and 
3.3) being: 

w = 1 n mile (see following paragraph) } 
v = 10 knots wdv = 14 - 60 hrs-1 

d = DeS = 20 x (0.07 - 0.30) (n. mile)-2 
(28) 

However, the value of an appropriate estimate for w is uncertain, and use of the 
empirical data seems a more secure approach. 

The exponent in equation (26) is taken to be proportional to the density of fishable 
swarms in the concentration (DeS); note that S will change in those of the scenarios to be 
considered (section 3.5) where the parameters of the r or 0 distributions are altered. An 
argument could be made that the exponent should also contain a term proportional to the 
median of the swarm radius (r) distribution. However, comments to the author by Ichii and 
Captain Fukui (pers. commn, Sept. 1987) indicate that sonar is quite important in finding 
swarms. Sonar can have an effective search width of up to 2 n miles, which is rather larger 
than typical swarm radii (even for the fish able swarms only). It is therefore assumed that 
the effective search width for swarms is invariant, and the effects of changes in r on search 
times are manifest only through the selectivity term S. 

The "primary search time" (P ST, measured in hours) to the next swarm is thus 
determined by use of a random number u from U[0,1] and equation (20): 

PST = - [In(1-u)]/[4(Dc/20)(S/Sb)] + 0.01 (29) 

The additional 0.01 hours is added to avoid unrealistically small divisions occurring 
for certain CPUE indices. Unlike the situation with concentrations, no search time block 
approach needs to be applied, because there is no swarm density gradient within any of the 
simulated concentrations. 

A search is then made by the program for all swarms whose centres are within a 
distance of 10*PST n miles of the swarm previously fished (excluding that last swarm). 
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[Strictly the centre point of the swarm previously fished is not always used; this occurs 
particularly in the model modification which allows for a tow through more than one swarm. 
Provided the tow proceeds further than half way through the initial swarm, the point from 
which searching commences for a new swarm upon which to set the net allows for the 
distance moved by the vessel beyond the centre of the initial swarm, including the time 
needed to raise the net. The tow direction is taken to be random, but the movement is 
precluded from taking the vessel beyond the concentration boundary.] If there are no 
swarms within this distance, fishing is assumed to take place on the nearest swarm in the 
concentration (for simplicity of programming; this happens only very rarely, and is not 
unfeasible because of the possibility of swarm movement). If one or more swarms are 
present, the selection procedure to determine which swarm is actually discovered is as for 
concentrations (see section 2.6); the relative weighting factors for each swarm (j) 
[analogous to equation (17)] are: 

(30) 

where Sj is the distance in n miles to the jth swarm, 0.1 is an ad hoc adjustment to 
deaccentuate weights accorded to swarms very close by. 

However, a further complication can arise with the discovery of this next swarm, as 
fishing may need to be delayed to allow processing of the previous catch to progress 
sufficiently. Processing can continue while a new haul is in progress, but to avoid problems 
with deterioration of the new catch, processing of the previous catch should be complete by 
the time the new catch arrives on deck. 

This creates a non-trivial problem, as it is not clear beforehand how long the next 
haul will take, though there is the option of leaving the net in the water longer to slow 
deterioration of the krill while processing of the catch from the previous haul is completed. 
However, to simplify matters in constructing the simulation, it is assumed that, given the 
typical interhaul turnaround time of about 2 hours, the Captain allows for a fixed maximum 
1.5 hours of processing during the forthcoming tow. 

Even so, by the time the next swarm is discovered, the amount of the previous catch 
left to process may still exceed 7.5 tonnes (corresponding to 1.5 hours processing at 5 
tonnes/hour), so that commencement of the next haul has to be delayed. [The processing rate 
depends on the particular krill product being produced, but this complication is ignored here 
for simplicity.] The period from discovery of the swarm until the haul can commence is 
termed "secondary searching time" (SST). In practice, it is spent keeping track of the 
swarm found, deciding the best strategy for fishing it, and possibly also examining other 
swarms seen nearby which may be chosen for towing instead. For simplicity, however, the 
simulation model assumes that the haul is always carried out on the swarm first found. 

The initial version of the simulation model assumes that all hauls are made on a single 
swarm only. Data (see section 3.1 and Table 1) and comments received from vessel Captains 
[Butterworth (1988)] indicate that this is the predominant pattern in the Japanese krill 
fishery during the "high season" (January-February). While the placement of the swarms 
in the concentration does not preclude overlapping, the simulated tows in the initial 
implementation ignore this possibility, taking krill from only the single swarm 
"discovered" . 

Figure 5 shows a particular realisation of a vessel moving within a concentration 
while both towing and searching (note that the tow lengths shown correspond to the model 
modification with f = 8 - see section 3.3). . 
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Fishing on a concentration may end for one of three possible reasons in the simulation 
model: the need to return to offload, the onset of bad weather, or a poor catch rate. A check on 
elapsed time is maintained throughout the model program, so that the vessel breaks off 
fishing with enough time remaining to return to the offloading point (steaming in transit at 
10 knots) before the end of the 15 day period. If bad weather occurs, the vessel is moved 
50 n miles in a random direction, and has to start searching again for a concentration when 
the bad weather ends. 

Ichii (pers. commn) advises that the catch rate (per overall time) is regarded as too 
poor if it falls below about half the vessel's processing rate capability. This is usually 
assessed on a daily basis, as not all fishing occurs at times and places where there is 24 hour 
daylight (as assumed in the simulation model), and there is a diurnal pattern in krill 
availability. In the simulation, a continuous check is kept of the ratio of total catch per time 
elapsed for the previous 10 hauls (close to a 24 hour period for normal operations); fishing 
on the concentration is ended if this ratio falls below CRmin' The value of CRmin has been tuned 
to obtain improved agreement between the simulation model output and the commercial 
vessel data sample provided (see section 3.2), with this exercise commencing with 
CRmin = 2.5 tonnes/hour (Le. half the 5 tonnes/hour processing rate assumed). 

It is possible that future searching (for concentrations) may return the vessel to a 
concentration that has been fished earlier during that same half-month (the only exclusion 
by the simulation model is immediate return to a concentration just left because of poor 
catch rate). In such a case, that concentration's biomass has been reduced by the previous 
fishing activity. The swarm distribution within that concentration is then set up anew, as 
swarms would have intermingled during the intervening period, by repeating the process 
described in section 2.7. However, to adjust for the catch already taken, all swarm radii are 
reduced by the square root of the proportion of the original biomass of the concentration still 
remaining. In practice though, for the chosen parameter values, this adjustment is 
negligible. 

2.9 Moving the Vessel 

At certain times during the simulation, it is necessary to adjust the vessel's position 
in a random direction - this arises either because of a bad weather period, or during the 
general search for concentrations. 

In these cases, the distance to be moved is specified as described in sections 2.4 and 
2.6. The compass direction of the movement is chosen using a random number generator. 
Only one constraint is imposed: the movement may not take the vessel outside the 
600 n mile square sector. If a compass direction is selected which has this result, it is 
disregarded and a further selection is made until the direction obtained will keep the vessel 
within the sector. 

3 • RESULTS AND DISCUSSION 

3.1 Fishing Operation Statistics Extracted from the Commercial Data Sample 

A sample of the data collected routinely during the Japanese krill fishing operations 
was kindly supplied to the author by Or Shimadzu. The basis for the vessel and the period 
chosen is described in detail in Butterworth (1988). Briefly, the vessel is a fairly typical 
independent trawler, and the data pertains to operations off Wilkes Land in the 1980/81 and 
1981/82 seasons. 
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Summary parameters of these fishing operations extracted from the data are shown in 
Table 1. The object of the extraction is to provide values to compare with the simulation 
model output, as a test of the realism of the model developed. As the intention has been to 
model a "high season" operation, the Table shows data extracts for the months of January 
and February only. 

An explanation for the basis of the entries in Table 1 is necessary. Some of the 
statistics constitute a single value: thus, the ratio of the total catch during the month (TC) 
divided by the total time spent "fishing" (note the definition in section 2.8) (T/FISHT), 
provides one number for each month. However, the ratio catch-per-fishing-time (C/FISHT) 
can also be evaluated for each haul, and provides a large set of numbers for a particular 
month; in such cases, Table 1 shows the mean and standard deviation for this set. 

An average column has been presented for ease of comparison of these statistics to the 
simulation model output, and gives the mean of the four monthly values shown. Where only a 
single statistic was provided each month, the standard deviation shown is that of the four 
values concerned. However, in cases where a mean and standard deviation are given for each 
month, the "standard deviation" figure shown with the average was calculated by taking the 
average of the four monthly coefficient of variation values, and then multiplying this by the 
average of the four monthly means. (This procedure may give a better impression of the 
degree of variation than some other averaging methods which are more influenced by mean­
variance correlations.) 

The distances between successive hauls (DBH) were calculated from the latitude and 
longitude given for the position of each haul. The shorter of such estimated distances may be 
rather imprecise, as position is only recorded to the nearest minute of latitude and longitude. 
The values may also be inflated compared to the actual situation in the concentration, as no 
allowance can be made for both the swarm and the fishing vessel moving with the current 
(insofar as the two may be Similarly influenced thereby). 

A movement from one concentration to another was inferred when both the time 
between successive hauls (TBH) and DBH showed much larger values than normal. "Bad 
weather" was assumed when only the TBH (and D.Q1 the DBH) value was much greater than 
usual (this could, of course, reflect other aspects such as repairs to machinery). It is 
difficult to distinguish transiting to offload from inter-concentration movement by 
inspection of the data; only one clear case of transiting was evident, and added to the bad 
weather time. 

Overall, this exercise involved some guesswork and the results from it should be 
regarded with caution, particularly in relation to the "independent searching for 
concentrations" process assumed in the simulation model (section 2.6). There were 7 
instances during the 4 months examined of movement (generally in an east-west direction) 
of over 200 n miles; these hardly seem likely to reflect true searching, but rather probably 
correspond to movement on the basis of external information received of good fishing in 
another area. Sometimes a few (typically < 5) hauls were made at an intermediate position 
between two areas which were both intensively fished. Presumably these constitute some 
trial tows made in transit, where the locality was left almost immediately because of poor 
krill quality or catch rate. Also, there were occasions where the vessel clearly moved to 
another concentration nearby, but returned to the concentration previously fished after only 
a few tows. In Table 1, the figure shown for number of concentrations fished reflects 
inclusion of the former but not the latter of these last two instances in the total count; the 
minimum excludes, while the maximum includes both. 

The overall average of 8 concentrations fished per month seems high when compared 
to a statement by Ichii to the author that typically only 2-3 concentrations would be fished 
during such a period. Ichii (in litt., 30 May 1988) has also investigated five Japanese 
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mothership type operations over the high season, and found that typically 1-3 
concentrations were fished per month on these occasions. It is also clear from the data that, 
if "bad weather" periods have been correctly interpreted, they do not necessarily result in 
the vessel losing contact with the concentration as is assumed in the simulation model 
structure (though note also the comments made in section 2.4 about this feature of the 
simulation model mimicking the effect of temporal changes in krill distribution 
parameters). 

The position of the ice-edge during these operations was not known, so that distances 
therefrom could not be calculated. The values shown for the north-south fishing extent are 
probably a positively biased measure of the range of vessel distance from the ice, as the 
latitude values from which they were deduced showed a southerly trend with time, 
presumably related to the ice-edge's summer retreat. 

where 

The overall time budget deduced from these data is: 

TeST 
TFISHT 

BW + TRANS 
TPST + TSST + (TTOWT - TFISHT) 

23% 
32% 
13% 
32% (by subtraction) 

eST 

FISHT 

TRANS 

PST 

SST 

TOWT 

(TOWT-FISHT) 

is the time searching for a concentration (the prefix "T" indicates 
total, i.e. summation over the period of interest) 

is fishing time (with the net at the desired depth) 

is time lost to bad weather 

is transit time 

is primary search time for a swarm within a concentration 

is secondary search time (time needed to complete processing). 
[Note that (TPST + TSST) measures total search time within 
concentrations; the two constituents cannot be distinguished from 
the data available.] 

is the total period the net is in the water (including FISHT) during 
a haul 

is thus the net lowering and raising time. 

The above may be compared to the detailed records kept by another Captain and listed 
in Butterworth (1988), which in this terminology correspond to: 

TeST + TPST + TSST = TAST 45% 
TFISHT 18% 
TTOWT - TFISHT 24% 
BW + TRANS 13% 

where T AST is the total of all searching time, both for concentrations and for primary and 
secondary searching for swarms within concentrations. 
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A further comparison may be made to the time budget data collected during the 
1986/87 season throughout the Japanese fleet. Dr Shimadzu has advised the author that this 
corresponds approximately to: 

TCST + TPST + TSST = TAST 25% 
noWT 50% 

BW + TRANS 25% 

Certainly these schedules indicate considerable variation, though in a very general 
sense it is probably true to say that the fractions of time devoted to searching 
(TCST + TPST + TSST = T AST) and to fishing plus net handling (TTOWT) are roughly the 
same. 

3.2 Tuning the Model Parameters Using the Commercial Data Statistics 
- the FISHT Problem 

Table 2 lists the parameters of the fishing operation model. A number of these have 
already been fixed, as discussed in Chapter 2. A few remain for adjustment (or "tuning") to 
have the simulation model output show better agreement with the commercial data sample 
(Table 1) and other information available on the Japanese krill fishery, as set out in the 
first column of Table 3 (though now amended where relevant to reflect the half-month 
period pertinent to the simulation model). These few, which include one (Ne) which is 
strictly a distribution model rather than a fishing operation model parameter, are: 

(C/FISHT)rpt 

Bmin 

CRmin 

the minimum catch rate to attempt to refish a swarm 

the minimum estimated biomass for a swarm to be selected for 
fishing 

the minimum catch rate per total elapsed time for the vessel not 
to stop fishing and search for another concentration 

the number of concentrations in the sector. 

The statistics in the first column of Table 3 are not all independent; for example, 

parameter values that give a reasonable fit to the figures for mean catch per haul (C/H) and 

mean fishing time per haul (F ISH T) are also going to fit the catch rate expressed as 
TC/TFISHT. While the effects of changing the values of the parameters available for tuning 
are not totally independent, for practical purposes the tuning amounts to adjusting: 

(C/FISHT)rpt to fit the fraction of attempted repeated hauls 

Bmin to fit mean catch per haul (C/H) 

Ne and CRmin to fit total concentration searching time (TCST) and the number of 
concentrations fished (TNC). 

The first column under the heading "Simulation Model Output" in Table 3 
corresponds to a fit of the fishing/distribution model as presented in Chapter 2. As pointed 
out in section 2.6, a non-zero value of Bmin (Le. some selectivity) is essential to raise the 

C/H value to the 6-10 tonnes range compatible with the data sample used here and statistics 
quoted in Shimadzu (1985). 
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Immediately, one major discrepancy between the simulation model output and the 
actual data stands out. This is the five-fold difference between the average fishing time per 

haul (FISHT) for the data sample of 1.23 hours, compared to 0.23 hours in the simulation 
output. [Note also from equation (23) that 0.08 of those 0.23 hours is made up by a fixed 
contribution comprising the time between the net reaching the desired depth and its entering 
the swarm.] 

This reflects the problem of reconciling the typical length of Japanese trawlers' tows 
(- 2 n miles at 2 knots) with typical dimensions of krill swarms reported from scientific 
surveys (- 100 metres), together with the fact that the Japanese report most of their tows 
to be through a single swarm. Introducing the selectivity criterion of equation (20) does 
reduce this discrepancy to a limited extent by extending the average length of swarm towed 
per haul to some 550 metres, but by no means removes it. Increasing Bmin would not solve 
this problem because even though a smaller fraction still of the swarms with a yet larger 
average radius would then be selected, the desired catch limit of 10 tonnes per haul would 
mean suspension of tows before the complete extent of the larger swarms had been traversed, 
so that FISHT would not increase markedly. 

Obviously a fundamental inconsistency exists somewhere in the distribution­
operation model which was developed in Chapter 2 with the intention of its being 
representative of the krill fishery, and this casts some doubt on using any results emanating 
from that model as a basis to judge the potential utility of alternative abundance indices as 
measures of krill biomass. In the following section, some possible resolutions of the 
inconsistency are discussed, and two different model modifications are introduced to achieve 
reasonable agreement between the simulation model output and the commercial data. 

[Strictly, it is not entirely correct to describe the first column under simulation 
model output in Table 3 as corresponding to a fit of the model precisely as it has been 

presented in Chapter 2. First, because the mean tow time (TOWT - which includes time for 
lowering and raising the net) is 0.91 hours, it would be unrealistic for the model to have the 
"Captain" allow for 1.5 hours of processing during the forthcoming tow (see section 2.8). 
Thus this period was shortened to 0.75 hours. Secondly, because it is the model 
modifications developed in the next section that are ultimately used for investigating the 
response of abundance indices to krill biomass decline, it is actually these modified versions 
which were tuned. For ease of comparison purposes, the Bmin and Ne values adopted above for 
the original (Chapter 2) model are as for the elongated (f = 8 - see next section) 
modification; only (C/FISHT)rpt and CRmin were further adjusted.] 

3.3 Two Model Modifications 

There are a number of possible explanations for the inconsistency revealed in the 
previous section: 
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(i) The commercial data (see Table 1) do not reflect a single swarm only towed 
for ~ haul. It could be, therefore, that tows in the fishery through more 
than one swarm are much longer than those through a single swarm. Further 
inspection of the data, however, does not support this hypothesis. Table 1 
shows that the differences in such average FISHT values are small and of 
variable sign; none of the four cases examined corresponds to a difference that 
is statistically significant at the 5% level. 

(ii) The swarms observed during FIBEX (the results from which contributed 
substantially to the distribution parameter values chosen for the model 



developed here) are not typical of those upon which the fishery operates. Ichii 
(in litt., 30 May 1980) comments that the latter "are much bigger", and are 
also presumably less dense. It should be borne in mind as well that quoting 
single summary statistics for the FIBEX data can be misleading. For example, 
Table XI of BIOMASS (1986) shows that different vessels in the FIBEX exercise 
recorded very different values for mean intersected swarm length A. The 
smallish mean A = 73 m quoted in section 2.2 is a reflection of the total 
FIBEX sample being dominated in number terms by the typically small swarms 
recorded in the surveys by the S.A. Agulhas, Professor Siedlecki and Walther 
Herwig. In contrast, the surveys by the Dr Eduardo L. Holmberg and Itzumi 
reported mean A values ~ 500 m, which correspond to much larger swarms 
[though I Hampton (pers. commn) considers that this might rather reflect 
differing criteria used to distinguish swarms from layers]. 

(iii) The definition of a "swarm" used by the fishermen in recording commercial 
data differs substantially from that used in scientific publications [such as 
BIOMASS (1986)], and typically rather more than one "scientific" swarm is 
towed in a haul. Ichii (in litt., 30 May 1988) comments that he often 
observed fishermen record a haul as fishing a single swarm only even though 
several swarms were towed, and suggests that their data are less reliable in 
this respect because their interest centres on the catch-per-haul rather than 
the number of swarms towed. Ichii has also shown the author an echo chart of 
a krill aggregation fished by a commercial vessel and recorded thereby as a 
single swarm, which could readily be interpreted as up to six separate 
swarms. Failure to discriminate "scientific" swarms may also reflect spatial 
correlation effects (absent from the model of Chapter 2), with individual 
swarms clustered together being regarded as one swarm only. 

(i v) Non-circularity of swarms. Although an exercise in section 2.2 showed that 
the krill distribution parameters used were consistent with a circumpolar 
krill biomass of about one hundred million tonnes, the results from FIBEX 
[BIOMASS (1986)] give a much lower value. This is "surprising", since 
those same FIBEX results were used to choose a number of the krill 
distribution parameter values used for this model. A possible reason for this 
discrepancy is that swarms are distinctly non-circular, contrary to the 
assumptions of the model in Chapter 2. 

( v ) Net avoidance. If the effective net width is less than the 20 m assumed, hauls 
would need to be longer to achieve the same catch. However, this effect would 
need to be very large to rectify the inconsistency found in the previous 
section. 

Unfortunately little information is available, or has yet been analysed, that would 
allow either a choice between the hypotheses above, or their independent quantification to 
allow, say, fixed revised krill distribution parameter values to be set. Instead two somewhat 
ad hoc model modifications have been introduced drawing on the suggested explanations in 
(ii) - (iv) above. 

( a ) Elongated swarms 

This modification combines the ideas of (ii) and (iv). The restriction to one swarm 
per haul is maintained. However, the (fishable) swarms are artificially elongated in 
the direction in which they are towed by a "fudge factor", f: 
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r (perpendicular to tow direction) ~ r 
r (along tow direction) ~ r f ( 3 1 ) 
o ~ olf 

This form of transformation means that Bmin can be kept fixed in a tuning exercise 

[having being used be fix a realistic average catch per haul (C/H) simulation model 
output figure], while f provides the extra degree of freedom needed to increase the 

average time required to make such a catch (FISHT) in the simulation model. In 
practice a value of f = 8 was found to be appropriate (see Table 3). It could be 
argued that introduction of this factor necessitates adaptions to other elements of the 
model; for example, the derivation of equation (26) for the swarm search operation 
might be modified, but since the factor of 4 in that equation was empirically 
motivated, the net result might not reflect any eventual change to equation (26). 

( b ) More than one swarm towed per haul 

The rationale for this modification is provided by (iii) above. As described in section 
2.8, tows do not necessarily end after traversing the swarm (here assumed again to 
be circular) initially selected for fishing; instead they continue up to a maximum 
total distance (TOWmax) chosen here to be 4 n miles. Other swarms (any swarms, not 
only "fish able" ones) intersecting a 17.5 m "sonar band" either side of the 
trackline are also then fished in that haul. A feature of note in tuning the fishing 
operation parameters for this modification is that it proves necessary to reduce Bmin 
to 5 tonnes [one tenth of its value for (a)] to secure a realistic simulation model 
output value for the catch rate TC/TFISHT, which is otherwise much too large. Given 

more than one swarm per haul, an average catch per haul (C/H) of 6-10 tonnes is 
much less difficult to achieve, and swarm selectivity increases from 8% in (a) to 
29% here. It seems unrealistic to assume that the simulated vessels would "forego" 
a potentially much higher catch rate by being prepared to start towing on smaller 
swarms, but in terms of the simulation model this may be a means of compensating 
for the limitations of the model's two-dimensional nature - not all swarms 
intersecting the "sonar band" around the trackline may be fished readily because of 
depth variation. The modified simulation model suggests an average of about 5 
swarms fished per haul (see Table 3). 

The fishing operation parameter values eventually chosen and listed in the second and 
third columns of Table 2 reflect only a partial tuning of the model output to the commercial 
statistics available. Tuning is carried out using the average of the output for a number of 
simulation runs; as many as 100 runs have been used in this analysis, but this nevertheless 
gives rise to not insubstantial standard errors for the estimated means, which range up to 
7%. This precision could be improved by using a larger number of runs, but this would be 
unrealistic in computer time terms. Typically 100 half-month runs of the 
one-swarm-per-haul model require 20 minutes on a mainframe computer (a Sperry 
UN IV AC 1108 was used), or some 20 times that period on a microcomputer. The 
more-than-one-swarm-per-haul modification requires about 40 minutes on the mainframe 
for 100 runs. The aspect of the simulation model that consumes most of the computer time 
is the generation of the swarm field within a concentration; when tows are continued beyond 
the initial swarm, the additional swarm field generation procedure then needed adds further 
to the computer time requirements. Because of this, the computer time requirements for a 
set of runs depend critically on the average number of concentrations fished per half-month. 
Thus, although still better agreement could be achieved between model output and 
commercial statistics than is reflected in Table 3 by further tuning of parameters, this was 
not considered warranted because of the additional computer time requirements and because, 
given the simplified model being used (ignoring krill quality considerations, for example), 

28 



the levels of differences reflected in the comparisons in Table 3 were not considered a 
serious impediment to use of the model to draw conclusions about the potential utility of 
alternative abundance indices as measures of krill biomass. 

The more-than-one-swarm-per-haul model modification developed in section 2.8 
restricts vessel deviation to the "sonar band" 17.5 m either side of its trackline when 
towing swarms encountered after the initial swarm, so that these swarms are towed 
offcentre. The results of a complete relaxation of this condition, whereby deviation is 
unrestricted so that all such subsequent swarms are also towed along their diameters, are 
shown in the final column of Table 3. The principal features of these results are increases 
in the total catch (TC) and catch rate (TC/TFISHT) to values yet further above the 
commercial data statistics. While better agreement could be restored by reducing Bmin and 
increasing CRmin, it was considered more realistic to retain the feature of offcentre towing of 
the subsequent swarms for further analysis. 

The major remaining discrepancy between the commercial data sample and the output 
from the two modifications of the simulation model is the average number of concentrations 
fished per half-month (TNC): 4 and about 2 respectively (see Table 3). Higher TNC values 
could be achieved in the simulation model outputs by increasing the number of 
concentrations in the sector (Ne), or improving the concentration searching efficiency of the 
vessels. The latter could be rationalised as a reflection of "external" information received 
from other vessels or based on experience of persistent concentrations in certain areas in 
previous seasons. [This may be the reason for the longer inter-concentration distances 
indicated by the commercial statistics compared to the model outputs (see Table 3).] 
However, the identification of the number of concentrations fished from the commercial data 
sample was problematic (see section 3.1). Further, the values provided by Ichii (section 
3.1) of TNC - 1-2 compare well with the simulation model outputs. Accordingly, possible 
further adjustments to the models in this respect were not pursued. 

Some other aspects of the comparisons of Table 3 merit mention. The simulation 
model outputs show greater variability in the total catch (TC) and number of hauls (TH) 
than do the commercial data statistics. This is a reflection of the greater variability of the 
number of concentrations fished (TNC) for the former. On the other hand the catch rate 
TC/TFISHT is more variable in reality than for the model - perhaps a reflection of temporal 
variability in the kri" distribution parameters in the real world. The total times spent 
searching (T AST) and fishing plus net handling (TTOWT) are very similar as seems 
appropriate for a fit to commercial data (see final paragraph of section 3.1). The mean of 
the simulated distances between successive hauls of about 2.6 n miles is slightly less than 
the 3 n miles indicated by the commercial data, but this may reflect the effect of currents 
as alluded to in section 3.1. 

3.4 Potential Indices of Abundance 

The simulation model output provides values for a number of indices (mainly of the 
CPUE type) which may reflect a change in the sector biomass. These fall under a number of 
headings, and are listed below together with the direction of response to decreases in the 
values of some (or a") of the kri" distribution parameters which might be expected a 
priori. (Reca" that the prefix "T" used in the following implies summation over the 
half-month period under consideration.) 

(A) Total measures related to catching: 

( 1) TC+++: Total catch: decrease for Ne' Le, De, r or 0 decrease. 
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Total number of hauls: decrease in response either 
to more time being required for searching, or to 
longer FISHT being needed on a haul to obtain the 
desired catch, i.e. for Ne, Le, Dc, r or 0 decrease. 

(B) Total time related measures: 

(Here only the anticipated direction of primary response is indicated; since the 
total time in the half-month is fixed, the resultant negative correlations will 
cause secondary responses to other measures in the reverse direction.) 

( 1) TFISHT+++: 

(2) TPST: 

( 3) TPST + TSSp: 

(4) TCSp: 

(5) TASP+: 

Total time spent fishing swarms: increase for 0 
decrease. 

Total primary searching time for swarms within 
concentrations: increase for Dc decrease [note: not 
for r in a primary sense, insofar as the motivation 
for equation (26) is justified, though there would 
be secondary effects through the selectivity S of an 
increase for an r or 0 decrease]. 

Total primary and secondary searching time (the 
latter for processing needs, in terms of the model) 
within concentrations: increase for Dc decrease. 

Total searching time for concentrations: increase 
for Ne or Le decrease. 

Total of all searching time (= TPST + TSST + 
TCST): increase for Ne, Dc, and Le decrease: unclear 
for r as FISHT would also be affected. 

( C ) Catch per time CPUE measures: 

( 1) TC/TFISHP++: 

( 2) C/FISHT+++: 

( 3) TC/TPST: 

(4) C/PST: 

Total catch for all hauls divided by total fishing 
time for all hauls: decrease for 0 decrease. 

Catch per fishing time for each haul, averaged over 
the half-month: decrease for 0 decrease. 

Total catch for all hauls divided by total primary 
searching time for all hauls: decrease for Dc 
decrease. 

Catch per primary searching time for each haul, 
averaged over the half-month: decrease for Dc 
decrease. 

( 5) TC/(TPST + TSST)+: Total catch divided by sum of total primary and 
secondary searching time within concentrations: 
decrease for Dc decrease. 



( 6) TC!TCSp: Total catch divided by total searching time for 
concentrations: decrease for Ne or Le decrease. 

( D) Combination catch-time indices: 

Note that each index in (C) is anticipated to respond to changes in only one or 
two of the five krill distribution parameters, a decrease in anyone of which 
could reflect a biomass decline. The motivation for combination indices is to 
have a measure that will respond to changes in a greater number of these 
parameters. 

( 1) TC/TFISHT/PST: Catch per fishing time, divided by the average 
primary searching time for each swarm fished: 
decrease for Dc, r or 0 decrease. 

(2) TC/TFISHT/(PST+SST)+: Catch per fishing time, divided by average 
primary plus secondary searching time for each 
swarm fished: decrease for Dc, r or 0 decrease. 

( 3) TC/TFISHT/PST/CST: D.1 divided by the mean concentration searching 
time (Le. total concentration searching time TCST 
divided by number of concentrations found and 
fished TNC): decrease for Ne, Le' Dc, r or 0 
decrease. 

(4) TC/TFISHT/(PST+SST)/(CST)+: D.2 divided by the mean concentration 
searching time: decrease for Ne, Le, Dc, r or 0 
decrease. 

( 5) TC/TFISHT/T ASP+: Catch per fishing time, divided by the total of 
search times of all types (T AST = total of all search 
time = TPST + TSST + TCST): decrease for Ne' Le, 
Dc, r or 0 decrease. 

(E) Indices related to the number of concentrations fished: 

( 1) TNC+: 

( 2) TH/TNC+: 

( F) Per haul measures: 

( 1) C/H+++: 

Total number of concentrations fished: increase for 
Dc, r or 0 decrease, but decrease for Ne or Le 
decrease. 

Number of hauls per concentration: decrease for Dc, 
r or 0 decrease. 

Average catch per haul: decrease for r or 0 
decrease, but this could be offset by saturation 
effects arising from curtailment of hauls due to 
processing rate limitations. 

Average fishing time per haul: increase for r or 0 
decrease. 
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Average fishing plus net raising and lowering time 
per haul: increase for r or 0 decrease. 

Average inter-haul time: increase for De, r or 0 
decrease. 

For each index above, an indication has been made regarding the possibility of 
collecting such data in practice as follows: 

+ + + Data are already collected. 

+ + Data could be collected (and have been for some experimental periods), 
but such collection is onerous. 

+ Data could be collected, but there would be difficulties of definition, and 
considerable difficulties with collection. 

Blank: Extreme difficulties of definition and collection. 

These indications are based on impressions gathered by the author during discussions 
in Japan with krill fishery scientists and vessel Captains and Commanders [see Butterworth 
(1988)]. Generally the problems centre on the practicalities of collecting searching time 
information. Total searching time (T A8T) can be obtained essentially by subtraction of the 
total time spent on other activities, which is more readily recorded. Separating out 
concentration searching from swarm searching time would run into a field definition 
problem. Distinguishing primary and secondary searching time while operating within a 
concentration would be almost impossible in practice. This is the reason why a number of 
indices listed above combine primary and secondary searching time (TP8T + T88T); use of 
primary searching time alone is preferable in principle, but including secondary searching 
time may be a practical necessity. In general, there is a trade-off between collection 
practicality, and the anticipated magnitude of the reaction of the index to overall biomass 
changes, which one would expect to be damped by the inclusion of extraneous contributions 
(such as secondary searching time). (Note: TBH data are already collected, but would need 
censoring for bad weather, inter-concentration movement, and so forth - hence the ++ 
designation.) 

3.5 Biomass Reduction Scenarios Examined 

In the first instance, six variations of the base case distribution model parameter 
values, and the resultant influence on various potential abundance indices, have been 
considered. Each of these scenarios corresponds to a reduction of 50% in the total biomass of 
krill in the 600 n mile square sector. The variations are: 
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(i) Number of concentrations drops by 50% (by the same proportion in each 
stratum) : 

Ne = 36 ~ 18 

(ii) Number of concentrations drops by 50% with a "Pelagic Shift" (P.S.) 
(number of concentrations in the southernmost two strata unaltered; no 
concentrations in three northernmost strata: 



(iii) Concentration radius drops by 30% (Le. to 1/{2 of original value): 

Le = U[5.6, 11.3] ~ U[4.0,8.0] n miles 

(iv) Density of swarms per unit area in a concentration drops by 50%: 

E still from N[O ,(0.1 )2] 

(v) Swarm radius drops by 30% (Le. to 1/{2 of original value): 

E still from N[0,(1.1 )2] 

(vi) Surface density of krill within a swarm drops by 50%: 

E still from N[0,(1.4)2]. 

The "Pelagic Shift" change envisaged in scenario (ii) is by analogy with pelagic fish 
populations, whose response to biomass reduction is to decrease their geographical extent 
while local density in the most favoured habitat (where catch rates would be best) may 
scarcely be affected [e.g. the northern anchovy off California, MacCall (1983)]. 

In each of the scenarios, all parameters except the one indicated are unchanged from 
their base case values. The selection criterion for a fishable swarm [Bmin: equation (20)], 
the condition for attempting to refish a swarm [(CIF ISH T) rpt: constraint (25)], the 
criterion for leaving a concentration because of poor catch rate (per total time elapsed) 
[< CRmin tonnes per hour averaged over the last ten hauls], and (where appropriate) the 
swarm elongation "fudge factor" [f: equation (31)] remain unchanged from the pertinent 
values listed in Table 2. 

Comparisons of the output from the base case model and these six alternative 
scenarios corresponding to different ways in which the overall krill biomass could fall by 
50%, are given for the two model modifications under consideration in Tables 4, 6, and 7. 
Table 5 is a rerepresentation of the information in Table 4. 

Table 4 compares the performance of the 24 candidate abundance indices suggested in 
section 3.4. It is important to be clear as to the meaning of the standard errors given in this 
Table. For each scenario, the simulation model was run 100 times. Thus, in the base case 
instance for example, 100 values of half-month catch (TC) were generated. These 100 
values have a mean and a standard deviation. This mean will, however, differ from the 
expected value [Le. the average which would be obtained if model runs were repeated a very 
large (infinite) number of times], because the mean of the 100 values will be subject to 
sampling variation. The size of this variation must be known so that true differences from 
scenario to scenario are not confused with sampling variability. A measure of this variation 
is the standard error of the mean (1/10 of the standard deviation of the 100 values that 
contribute to the mean TC in this case). It is this standard error of the mean which is shown 
with the mean values of the base case indices. 

Such standard errors of the mean can be used to estimate the precision of the 
estimated change in mean value of an index from one scenario to another. This preciSion has 
been expressed as the standard error of the percentage change in an index from the base case 
to an alternative scenario, which is calculated by: 
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s.e. = 100 alb--J[s.e.m.(a)/a]2 + [s.e.m.(b)/b]2 % (32) 

where b is the mean value of the index for the base case over 100 simulation runs, and 
s.e.m.(b) is the associated standard error of the mean 

a is similarly the mean, and s.e.m. (a) the standard error of the mean, for the 
same index for the alternative scenario. 

[Note: Strictly, equation (32) is an approximation which could be corrected for bias, but 
this adjustment is likely to be small for most of the indices considered. Later, the 
assumption of normality is made in relating ± 1.96 of these standard errors to a 95% 
confidence interval. Again, this is approximate because the distributions of the indices (and 
also their ratios) are skew. However, making detailed corrections for these effects does not 
seem critical for what is only an initial investigation of this problem at this stage.] 

These precision levels could be improved by increasing the number of simulation 
runs from 100 used, though that would be expensive in terms of computer time as discussed 
in section 3.3. Table 4 shows that for most indices, value changes between scenarios have 
been determined up to a standard error of 10% or better, which seems adequate for this 
analysis for which interest centres on biomass changes as large as 50%. All the exceptions 
involve concentration searching time (eST), with associated standard errors up to 28%. 
The reason is that far fewer concentrations (~ 200) are fished than hauls (~ 10 000) are 
made over 100 simulations, so that the precision with which concentration-linked indices 
can be assessed is necessarily relatively poorer. 

Some runs of the simulation model result in no concentrations at all being discovered 
in the half-month period, and so no catch being made. This is a very infrequent occurrence 
for the base case, but can occur up to 20% of the time for scenario I) above where the 
number of concentrations (Ne) is decreased by 50%. Such instances remain included in the 
statistics quoted in Table 4 for summation-type indices A.1-2, B.1-5 and E.1, and also for 
the ratio index Te/TeST (C.6); however, since they provide no pertinent data, they are 
excluded from other ratio indices such as C.1-5 and 0.1-5. 

Table 5 summarises the information in Table 4 in a less quantitative manner (which 
is described in detail in the Table caption) to provide a clearer overall comparative 
perspective. Note that "significant" is used in Table 5 in its statistical sense, and does not 
necessarily imply "substantial", In fact some differences, although detected to be 
statistically significant at the 5% level, are no more than 2% in magnitude. 

If krill biomass was to drop, it is more likely that this would be manifest by some 
combination of changes in the various krill distribution parameters, rather than a change in 
one only as examined thus far. However, there is no basis at present to determine whether 
some parameters would be more likely to change than others. Thus a further scenario is 
examined where a random combination of changes in Ne' Le, De' rand 0 is chosen to effect a 
fixed net reduction in the overall krill biomass in the sector [a possible change in the 
relative distribution of concentrations with habitat - such as the Pelagic Shift of (ii) above 
- is ignored here for simplicity]. Accordingly, a reduction factor ex (the krill sector 
biomass as a fraction of the base case level) is chosen, and simulations are run for 100 
different combinations of changes in Ne, Le, De, rand 0 that effect this same reduction. The 
proportion of change attributed to each parameter is specified by choosing four numbers 
from U[0,1] and then ordering them, with the resultant five intervals on [0,1] providing 
the proportions (except that these proportions are adjusted to allow for rounding the changed 
value of Ne to the nearest integer). 
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Table 8 shows the results of simulation model outputs for such scenarios. The values 
of potential abundance indices are expressed as fractions of their estimated base case levels. 
(The inverse of such fractions has been taken wherever this was necessary to have the 
statistics listed show a generally increasing trend with ex). The results are given for 
ex = 0.1 (0.1 )0.9, Le. for biomass reductions down to 10% of the base case level. The 
standard errors shown for the estimated relative levels of the abundance indices reflect both 
the sampling error pertinent to 100 runs of the simulation model for fixed parameters, and 
also the variation associated with the random allocation of the biomass reduction amongst the 
five krill distribution parameters. 

Figure 7 plots the results of Table 8 for a selected subset of the potential abundance 
indices examined. In these plots, mean abundance index estimates have been normalised to 
the estimates of their respective mean base case levels. The error bars shown are estimates 
of the central 68% interval of the index distributions (Le. distributions of the indices for 
vessel-half-months); the ranges of ± one standard error of the mean will be about one-tenth 
of the sizes of these intervals. Note that while the error bars for the base case (ex = 1) 
estimate reflect sampling error only, the error bars for other values of a also incorporate 
variation arising from the differing contributions of changes in the various krill 
distribution model parameters to the overall krill biomass reduction, and so are typically 
larger. 

Curves of the form: 

index = a + (1-a)exb (33) 

have been fitted to the normalised mean abundance index estimates. Such curves are 
constrained to pass through the point (1,1), so that only the estimates for ex = 0.1 to 
ex = 0.9 were used in the fitting process. The curve parameters a and b were estimated 
using weighted least squares and a non-linear optimisation program, where the weights were 
chosen to be the squared inverses of the standard errors of the mean of the mean abundance 
index estimates. 

Note that equation (33) provides a convex or concave curve depending on whether the 
parameter b is less than or greater than 1 respectively. As ex ~ 0, all the indices must 
also ~ O. However, fits of equation (33) were not constrained in this way (Le. the fits did 
not force a = 0) so as to achieve a better representation of the relationship over the ex range· 
of [0.1, 1.0]. The equations shown on Figure 7 cannot be extrapolated reliably beyond this 
range, particularly for ex < 0.1. 

Figure 9 shows similar plots to Figure 7, but for the case where ex (the relative 
level to which the biomass is reduced) is occasioned by a decrease in within-swarm krill 
surface density (5 only. The index vs ex equations shown for those fits have been determined in 
exactly the same manner as described above. 

3.6 The Performance of Alternative Abundance Indices 
in Detecting Biomass Decline 

In view of the somewhat ad hoc nature of the model modifications introduced in section 
3.3 to reconcile the simulation model outputs with the commercial data, the question must 
immediately arise: how much reliance can be placed on conclusions that are drawn from the 
outputs of these modified models, particularly as regards the utility of alternative abundance 
indices as measures of krill biomass? Even given reservations about these modifications, 
the model nonetheless still hopefully incorporates the major factors that need to be taken 
into account in a Japanese krill fishing vessel's strategy. Thus, the effects of changing the 
krill distribution parameters on various candidate abundance indices, together with these 
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indices' likely variability, may still be reasonably reflected in a qualitative and relative 
sense, although quantitative results such as the assessed magnitudes of non-linearities in 
index-biomass relationships should be regarded as much less reliable. 

Tables 4 and 5 show essentially only two counter-intuitive sets of results in relation 
to the directions of change of indices under various biomass reduction scenarios, which were 
hypothesised a priori in section 3.4. The first set all relate to FISHT when the swarm radius 

r is reduced; contrary to expectation TC/TFISHT, C/FISHT and CIH increase, while FISHT and 

TOWT decrease. The reason, presumably, is the inter-relation with the selectivity criterion 
of equation (20), which means that fishing remains restricted to the larger swarms. This 
anomaly occurs only for the one swarm-per-haul situation; the direction of change is as 
expected when more than one swarm can be towed. 

The second set of counter-intuitive results relate to situations where a decrease in 
the number of concentrations (Ne) is accompanied by a "Pelagic Shift". It might have been 
anticipated that the increase in TCST, and decreases in TC, TH, TC/TCST and indices involving 

(CST)-', would be less marked than when all strata are similarly affected by the Ne decrease, 
as is evident for the one swarm-per-haul case. However, when more than one swarm may 
be towed, the directions of change are the reverse of those expected, with catch rates per 
concentration searching time (CST) increasing despite the Ne decrease. This is presumably 
an artefact of the concentration searching procedure (section 2.6) implemented in the 
simulation model. Once equation (16) has provided the time until the next concentration is 
found, movement may occur to ~ concentration within a 10 knot steaming range for that 
period. In the absence of a "Pelagic Shift", such movement may be selected to be to a 
concentration north of the highest density strata S1 and S2 (see Figure 2); once the vessel 
has moved to a more northern stratum where the concentration density (d) is lower, more 
time becomes required for possible further concentration searching in terms of equation 
( 1 6) . 

However, for the "Pelagic Shift" example considered, there are !lQ. concentrations 
north of strata S1 and S2, so that the simulated vessel remains in the high densities of the 
southern most strata and needs, on average, to expend less of the available time on searching 
for concentrations, thus enhancing many catch-rate indices. Why the quantitative effect of 
this should be larger for the case of towing more than one swarm-per-haul is not 
immediately clear. Future model modifications might perhaps build a positive bias towards 
southward movement into the concentration selection weighting factors of equation (17) to 
compensate for this effect. This would produce a more realistic representation of the actual 
fishing strategy, which would be to move preferentially towards areas known from previous 
seasons to provide higher densities of concentrations (Le. to move southward in the context 
of the krill distribution pattern assumed for the model). 

There are what might seem to be some other counter-intuitive results if the point 
estimates only of Table 4 are considered, but such apparent anomalies are attributable 
either to sampling variation (note the high standard errors associated with such estimates) 
or, where total-time-related measures are concerned, to secondary responses as described 
in section 3.4, part B]. 

The primary concern of this study is the ability of candidate abundance indices to 
detect biomass declines. A number of important features that emerge from Tables 4, 5 and 8 
are discussed under the seven subheadings that follow. 
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3.6.1 Non-Proportional Response 

It is immediately clear from Tables 4 and 5 that the number of instances where an 
index responds to a 50% biomass drop by a change approaching that same magnitude is 
relatively rare. For certain indices, the response never reaches 20% for any of the biomass 
reduction scenarios examined. Thus, from a resource monitoring perspective, there is the 
undesirable situation that the indices generally respond to biomass drops by proportionately 
smaller changes. The effects of saturation and compensation on the indices, which arise from 
the complexity of the overall operation, are evidently of more than a little importance. 

It does seem, however, from these Tables that most indices do detect significant and 
substantial change when the krill surface density 0 drops by 50% for either model 
modification considered. Further, when more than one swarm-per-haul may be towed, 
changes in swarm radius (r) and areal density (Dc) are similarly well detected. The last 
result is not surprising, as the rate of finding subsequent swarms in the "sonar band" in 
such extended tows will be proportional to both r and Dc. 

The positive impression given by such results may, however, be misleading. The 
essential reason for the changes in many of these indices is that the vessel finds considerably 
greater difficulty in meeting the catch rate per overall elapsed time criterion (CRmin - see 
section 2.8) in these situations, and consequently leaves concentrations much more 
frequently to search for others. (Table 7 shows that approaching 90% of concentration 
departures are because of poor catch rate in these instances, compared to the values of 
typically 60-70% otherwise. Note also the associated large changes in TNC and TH/TNC in 
Table 4.) However, it may well be that by lowering CRmin , the vessel could achieve a larger 
total catch over the half-month than by spending more time steaming between concentrations 
in search of better catch rates (see Figure 8 and discussion in section 3.7). This would have 
the effect of reducing the magnitude of the differences indicated in Table 4 for these 
scenarios. 

3.6.2 Indices Based on Data Currently Being Collected 

The indices available from data currently being collected are TC, TH, TFISHT, 

TC/TFISHT,C/FISHT, C/H and FISHT. Of these, the crudest indices TC and TH give generally the 
best responses over the range of biomass reduction scenarios considered (see Tables 4 and 5, 
and Figure 7 (i). Their responses are nearly identical, which is essentially a reflection of 

the very poor performance of C/H as an index of biomass; C/H reacts only to a few of the 
reduction scenarios (and then weakly), because it is determined primarily by processing 
rate limitations (see section 2.8). A disadvantage of TC and TH is that they show typically 
2-3 times the variability of some other indices [the (C) and (D) catch rate indices that do 

not involve CST], so that they would not be able to determine biomass declines as precisely. 
Much of this additional variability, and the apparent good performance of these indices in 
detecting changes in the number of concentrations (Ne), is related to concentration searching 
time (CST), and so they need to be considered in the context of the reservations in this 
regard expressed under the next subheading. Similarly the performance of TFISHT, changes 
in which are essentially reflections of an inevitable negative correlation with TCST, must be 
considered reservedly. 

The performances of ratio indices related to FISHT are very poor. Only a decrease in 0 
is detected consistently, and even then there is some doubt about the realism of those 
particular results for the reasons discussed under the previous subheading. This is a matter 
for some concern, as these particular ratio indices are the primary CPUE-type measures 
presently collected for the Japanese krill fishery. 

37 



3.6.3 Detecting Changes in the Number of Concentrations Ne 

Tables 4 and 5 show that effective detection is achieved only by indices incorporating 
concentration searching time (CST). (This incorporation may be indirect in the sense of TC, 
TH, TNC and total-time-related indices.) 

However, there are two problems in regard to such indices. First, their variance is 
relatively larger (particularly for indices using CST directly), because of the small number 
of concentrations (compared to swarms) fished per half-month. Secondly, as discussed in 
section 3.1, the author suspects that, in reality, a substantial fraction of inter­
concentration movements of a vessel reflect receipt of external information, rather than the 
vessel's own searching activities. 

To obtain some idea of how serious this second source of concern might be, 
calculations were repeated for the "One elongated (f = 8) swarm per haul" case with 
concentration searching efficiency increased 7.5 times [by appropriate multiplication of the 
exponent in equation (15)], to mimic availability of external information on concentration 
positions. The results are shown in Table 9, which is to be compared to Table Sa. Such a 
comparison shows that abundance indices change by much lesser amounts in response to a 
reduction in Ne given greater efficiency in searching for concentrations. 

The TC!TCST index appears to have the potential to detect changes in Ne as well as 
many of the other distribution parameters, even it if is relatively imprecise. There is 
though a further problem with this index, at least in the context of the model developed. 
Cases do arise of a concentration being found almost immediately after the vessel leaves its 
starting point, and fishing continuing for the rest of the half-month in this same 
concentration (until the time comes to return to offload) because the catch rate never drops 
below CRmin • Such instances provide very high TC/TCST values, so that this statistic has a 
very long tailed distribution. "Outlier" values from this tail have considerable influence on 
mean and variance estimates, and it may be necessary to consider trimmed means or 
harmonic means to obtain estimates with greater precision, if an index of this type is to be 
considered further. 

Detection of changes in Ne by various indices may be confounded by simultaneous 
changes in the relative density of concentrations between strata, such as the "Pelagic Shift" 
examined here. However, for reasons discussed at the beginning of this section, the 
quantitative results for the "Pelagic Shift" shown in Tables 4 and 5 are probably an artefact 
of an over-simplistic concentration search model, and so should not be considered as 
reliable. 

3.6.4 Detecting Changes in the Concentration Radius Le 

Again it is only indices involving CST which change by non-minimal amounts in 
response to changes in Le, but the magnitudes of the changes in such indices are considerably 
less than for changes in Ne (see Tables 4 and 5). 

This confirms the concern expressed in Butterworth (1988) about the likely 
inability of catch-statistics-based indices to monitor average concentration size. (Note that 
the typical catch by a vessel from a concentration over the half-month period considered 
makes no substantial impact on the concentration's total biomass.) 
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3.6.5 Precision of Indices of Krill Biomass in Practice 

Even given estimates of the proportional change in various abundance indices under 
certain biomass depletion scenarios, a pertinent question is: what is the ability of the 
"Japanese krill fleet" to detect such changes from one year to the next, given the sampling 
variability associated with any single abundance measure? The standard errors of the 
differences shown in Table 4 would also apply to the case of detecting differences between two 
successive years in each of which 100 vessel-half-months of krill fishing effort was 
expended. This would correspond to, say, 20 vessels working 2.5 months each year and 
catching an annual total approaching 100000 tonnes of krill. This is perhaps twice the 
size of the current Japanese krill fishery, so that estimates of inter-annual sampling 
variability would be about {2, or approximately 1.5 times as large as the figures in 
parenthesis in Table 4. 

These, however, would be minimum estimates. In practice greater variability would 
arise because of inter-month and inter-vessel cooperation correlations, catchability 
fluctuations and so forth. This means that detection of any significant change in an index, and 
hence in the krill biomass, would be more difficult. 

In practice, therefore, the inter-annual variance of abundance indices will not be 
negligible for the present level of catching. This means that it is important to compare 
alternative abundance indices in the context of the precision with which they can estimate 
biomass decline, as well as considering the extent of non-proportionality in the 
index-biomass relationship. 

3.6.6 Choice of the "Best" Index 

To simplify the comparison of the large number (24) of potential abundance indices 
listed in section 3.4, these have been reduced to six for further consideration: 

( i ) A.1: TC 
(ii) C.1:TC/TFISHT 
(iii) C.3: TC/TPST 

(iv) 0.1: TC/TFISHT/PST 

(v) 0.2: TC/TFISHT/(PST +SST) 

(vi) 0.3: TC/TFISHT/PST/CST 

"Per haul" measures (F.1-4) have been rejected because they detect very few 
distribution parameter changes, and even for those they change by only small amounts. The 
direction of change for total time measures (B.1-5) is not always clear, and these indices 
are also influenced by the uncertainty surrounding CST, so that they have not been included. 
Most indices involving CST directly (e.g. TC/TCST) or indirectly (e.g. TNC) have been 
omitted because of their imprecision, while "total/total" ratio indices are preferred 
because they are more precise than the corresponding "average individual ratios" indices 

(e.g. TC/TFISHT is preferred to C/FISHT). The performances of TC and TH are very similar, 
but where they differ the magnitude of the TC change is greater, so that TC has been chosen. 

Comparisons between these six choices enable most of the pertinent considerations to 
be addressed as adequately as might be possible using alternative or additional choices. 
Important considerations amongst these are: 
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( a) Do combination catch-time indices detect biomass decline more effectively by 
being sensitive to more possible sources of such falls? 

(b) How seriously does failure to differentiate PST and SST compromise indices 
using within-concentration search time? 

( c ) What is the bias-variance trade-off in incorporating CST into an abundance 
index? 

For ease of comparison of these indices, the corresponding point estimates of 
proportional changes from Tables 4a and 4b have been set out in a consolidated form in Table 
10. Further, Figure 7 provides graphical representations of the results in Table 8 (which 
presents results for random combinations of changes in the krill distribution parameters) 
for both model modifications considered. 

Consideration (a) is addressed by comparing D.1 with C.1 and C.3 in Table 10, and 

also Figure 7 (iv) with Figures. 7 (ii) and (iii). The combination index TC/TFISHT/P ST 
performs better than either TC/TFISHT or TC!TPST separately in terms of general magnitude 
of response, though at the expense of a slight variance increase. TC/TPST performs better 
than TC/TFISHT, which does not reflect changes in De and r as effectively. This result is, 
however, certainly in part a consequence of the (invariant) criterion used for fishable 
swarm selectivity [equation (20)] TC/TPST responds to a 0 decrease because this reduces 
the proportion of fishable swarms), and consequently is subject to the reservations 
discussed in section 3.7. All these indices, however, respond only to changes in within­
concentration krill distribution parameters, and are insensitive to Ne and Le. 

Regarding consideration (b), the results for D.1 and D.2 in both Table 10 and in 
Figures 7 (iv) and (v) suggest that failure to distinguish primary and secondary 
searching time degrades the effectiveness of the combination index by about one third, where 
"effectiveness" is measured by the slope of the curve of index against biomass. [Compare 
also Figs 9 (iii) and (iv) in this regard.] One compensating advantage, however, is that the 

variance of TC/TFISHT/(PST +SST) is slightly less than that of TC/TFISHT/PST. 

Finally, regarding consideration (c), the TC index has a large variance, and fails to 
reflect De or r changes for the one elongated swarm-per-haul model modification. 

Incorporation of CST into the combination catch-time index D.3 does provide a measure 
which responds to changes in Ne and Le, but at the expense of a 3-5 fold standard deviation 
increase. While D.3 could, of course, be used in conjunction with, say, D.1 in assessing 
trends in krill biomass, this high variance together with uncertainties in the reliability of 

CST statistics as representative. of a truly random search strategy suggest that indices 
incorporating CST would have limited utility. 

Thus, the analysis suggests that the choice of a "best" index lies between 

TC/TFISHT/PST and TC/TFISHT/(PST +SST). Data other than those likely to arise from the 
Japanese krill fishery as it operates at present would be needed to detect changes in extra­
concentration krill distribution parameters such as Ne and Le. 

3.6.7 The Trade-Off Between Effectiveness and Practicality of Collection 

Tables 4 and 5 in general, as well as the specific indices extracted for Table 10, 
reflect the supposition in section 3.4 that there is a trade-off between the effectiveness of an 
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index in detecting biomass decline and the practicality of collection of the requisite data. In 
particular, indices based on primary searching time (PST) alone reflect the magnitude of 
biomass changes better than when they are combined (as may be practically necessary) 
with secondary searching time (SST). 

Care must be taken not to over-interpret this result, as the model simplifies what is 
a very complex searching process within a concentration; PST and SST are idealisations, and 
given field definition problems, statistics collected during commercial operations might not 
perform nearly as effectively as the model indicates. 

As an initial test of the effect of difficulties of definition, the model runs were 
repeated allowing for a random error chosen with uniform probability over the range 
(-30%, +30%) in the allocation of time to PST from the total (PST +SST) period between 
each successive pair of hauls in a concentration. The results are shown in Table 10, and 
suggest that introduction of this misallocation effect has virtually no influence on the extent 
of the greater effectiveness of indices using PST compared to those not needing to 
differentiate between the two types of within-concentration searching. (The variance 
increase in the PST indices arising from the misallocation effect is marginal only.) 

While the result of this initial test is promising, it is certainly not conclusive. It 
does, nevertheless, suggest that it may be premature to consider abandoning the use of PST 
based indices at this stage because of potential data collection problems. 

3.7 Reservations About the Model 

Obviously, numerous parameter value variations and further model modifications are 
possible and may merit investigation. However four particularly important problem areas 
stand out. 

3.7.1 Krill Distribution Model 

The model modifications adopted in section 3.3 to solve the "FISHT problem" were of 
an ad hoc nature, and so are not particularly satisfactory. If one is to be confident about the 
magnitudes predicted for the extent of the non-proportionality between abundance indices 
and overall krill biomass, rather than have to be satisfied with qualitative predictions only, 
equal confidence is needed in the krill distribution model adopted. Such confidence is 
impossible given comments (see section 3.3) to the effect that the distribution statistics 
from FIBEX (upon the results of which many of the choices for distribution parameter values 
for this exercise were based) are atypical of the swarms on which the Japanese krill fishery 
operates. While there is scope for further analYSis of krill distribution data from previous 
scientific surveys, the greatest need would seem to be for additional intensive hydroacoustic 
surveys by research vessels over small areas in which fishing vessels are operating 
concurrently. Such surveys should be planned and the results analysed with a view to 
developing more realistic "within-concentration" krill distribution models. In particular 
they might provide information on the important aspect of temporal variability of the 
distribution parameters, which is pertinent to more realistic modelling of the process of 
diminishing catch rates which causes a vessel to leave a concentration, as discussed further 
below. 

The concentration-swarm distinction is also a simplification of a more complex 
spatially aggregated distribution pattern. Here further analysis of existing data may provide 
the basis for a more realistic distribution model (on a larger length scale than was the 
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concern of the previous paragraph), and an investigation of whether this would affect the 
conclusions on the performance of various potential abundance indices should then be carried 
out. 

3.7.2 Swarm Selectivity 

The considerable difference between the tuned values of Bmin for the two model 
modifications (see Table 2) suggests that at least one of these modifications is .!lQ1 a realistic 
representation of the actual situation. Empirical data from actual fishing operations on the 
proportion of swarms considered fishable would provide a valuable constraint for further 
model development. 

Of more concern is whether the swarm selectivity criterion (the Bmin value) would 
change if krill biomass declined, rather than remain invariant as assumed in the calculations 
reported. The sensitivity of the TC/TPST index to a decline in 0 for the one swarm-per-haul 
model, for example, is essentially just a reflection of this assumption. It is arguably 
logically more consistent (internal to the model) to choose Bmin and other selectivity related 
parameters [(C/FISHT)rpt and CRmin] for each scenario that maximise the total catch per 
half-month under those distributional conditions. This would, however, be a very lengthy 
exercise in computer time terms. 

If the selectivity arguments in this paper are reasonably close to reality, the fishery 
operates on only the upper 7% (or 30%, if more than one swarm may be towed in a haul) of 
the swarm biomass distribution, which is very long-tailed. How will the shape of this 
distribution change in response to biomass depletion? One would be rather more confident 
about model robustness to the assumption in this analysis of relative shape invariance and a 
change only in the modal value of a distribution, if the fishery covered the centre rather than 
only the tail of the krill swarm biomass distribution. 

3.7.3 The Criterion to Leave a Concentration 

Figure 8 shows how sensitive the base case model output is to the choice of a value for 
the parameter CRmin' Over a narrow range of about [1.5,2.5] for CRmin, the behaviour of 
the simulated vessel changes from the one extreme of remaining in the concentration first 
found for the balance of the half-month period, to fishing as many concentrations as possible 
and waiting only long enough in each to conduct sufficient hauls to establish that the CRmin 
criterion has not been met. Though Figure 8 is for the "One elongated (f = 8) swarm per 
haul" model modification, similar results follow if more than one swarm may be towed in a 
haul. 

Figure 8 also points to a weakness of the model, viz. TC is maximal for the extreme 
of remaining in the concentration first found, rather than for moving between concentrations 
as does occur in the real world. This points to the need to take one or both of temporal 
variability of distribution parameters and krill quality considerations into account. (In the 
latter respect, "greenness" also would vary with time.) The argument in section 2.4 that 
the manner in which the model deals with the occurrence of bad weather mimics temporal 
variation of within-concentration distribution parameter values is neither strong nor 
satisfactory. 

The ogive-like nature of the plot shown in Figure 8 (ii) has an important bearing on 
the shapes of the relationships between abundance indices and biomass, because the effect of 
changing within-concentration distribution parameter values is similar to changing CRmin, 
and so has a large influence on the proportion of total available time spent in searching for 
concentrations (CST). Figure 9 shows similar plots of abundance index vs biomass to 
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Figure 7, but for the case where only the swarm density parameter 0 changes. Note that 
these relationships, although generally closer to proportionality than in Figure 7 because 
most indices are able to reflect changes in 0 well, range from convex to near-linear to 
concave, rather than showing only the convexity expected from saturation effects. These 
complicated shapes are a reflection of the manner in which swarm-selectivity and 
concentration-leaving have been modelled, and may well prove not to be robust to variations 
in the models of such processes. 

3.7.4 Concentration Searching 

There is considerable doubt that searching for concentrations resembles random 
search in reality; rather, some information is passed (directly or indirectly) between 
vessels, and some concentrations are associated with oceanographic features whose positions 
have become known as vessel Captains have gained experience. Model modifications to reflect 
such features might be considered to examine their effect on CST-related abundance indices. 

4. CONCLUSIONS AND RECOMMENDATIONS 

( a) The simulation indicates that the catch statistics data routinely collected at 
present would be of low utility in detecting biomass decline. Catch per 
vessel-day (cf: TC) responds to the widest variety of biomass reduction 
scenarios, but is an imprecise index. Catch per fishing time indices (e.g. 
TC/TFISHT) perform very poorly. 

(b) This utility might be improved by the collection of search time data to allow 

calculation of the index TC/TFISHT/(PST +SST), for example. This could be 
achieved by keeping records of the times spent on various other vessel 
activities, so that searching time could be deduced by subtraction. It would be 
desirable also to have an indication of the periods spent steaming between or 
searching for concentrations, so that within-concentration search time could be 
distinguished. 

(c) Indices distinguishing primary searching time (PST) for swarms within 

concentrations, such as TC/TFISHT/PST, perform better than those which do not. 
However, collection of such data would be much more onerous than would be the 
case for what is proposed in (b) above, and practical field definitions to 
distinguish PST and SST (secondary searching time) may not be achievable. 
Before considering routine implementation of such data collection: 

(i) 

( ii) 

small scale experiments to test collection viability should be performed, 
and ' 

further model tests of the robustness of PST based indices to errors in 
recording should be carried out. 

(d) The priority for further research is improving the krill distribution model 
underlying the calculations presented here, as there are sound reasons for 
considerable misgivings about this model. Existing scientific data bases may not 
be adequate for this purpose, and intensive hydroacoustic surveys by research 
vessels in areas in which fishing vessels are operating concurrently merit 
consideration. 
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( e) Only indices including concentration searching time (CST) seem capable of 
responding to changes in the number of krill concentrations, and even these 
remain rather insensitive to concentration size. There are, however, important 
reservations about the utility of any CST data that might be extracted from the 
Japanese krill fishing operations. Thus, while these operations may be able to 
provide information on changes in krill abundance per unit area within 
concentrations, monitoring of changes in the number, distribution and size of 
the krill concentrations themselves will probably need to be effected by other 
means, such as research vessel surveys. 

( f ) While the model developed has ignored considerations of krill quality and 
product targeting thus far, nevertheless immediate consideration should be 
given to possibly requiring the routine recording of a vessel's product targeting 
and sensitivity to "greenness". Discussion in Butterworth (1988) indicates 
that is it quite likely that these factors may influence the values of CPUE-like 
abundance indices, and data should be collected to allow for empirical analysis of 
this possibility. 
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GLOSSARY OF ACRONYMS AND SYMBOLS 

Note: (i) A prefix "T" indicates summation over the period considered (a half-month in 
the simulation). 

(ii) A bar (-) over a symbol indicates an average. 

( I ) Krill distribution related 

Ne Number of concentrations in 600 n mile square sector 

Le Radius of (circular) concentration 

Density of swarms within a concentration (number per unit area) 

r Radius of (circular) swarm 
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p 

s 

f 

P.S. 

U[A,B] 

Surface (areal) density of krill within a swarm (biomass per unit 
area) 

Volume density of krill within a swarm (biomass per unit volume) 

Biomass of krill in a swarm 

Intersected swarm length in a survey 

Distance to a swarm (or concentration) 

Swarm elongation factor in modified model - see equations (31) 

Fraction of base case level to which sector biomass is reduced 

Pelagic Shift in krill concentration distribution - see section 3.5 

Uniform distribution between A and B 

Normal distribution with mean zero and standard deviation 0'. 

( II ) Fishing operation related 

S 

Bmin 

(C/FISHT)rpt 

CRmin 

v 

w 

Selectivity - fraction of swarms in a concentration considered to be 
fish able 

Minimum biomass for swarm to be considered fishable 

Minimum catch rate per fishing time for repeat tow on a swarm to 
be attempted 

Minimum catch rate per total elapsed time (average over last 10 
hauls) to continue fishing in a concentration 

Vessel speed (10 knots searching: 2 knots towing) 

Effective search width (also used to indicate relative weight) 

( III ) Fishery statistics 

C 

H 

DBH 

TBH 

lNC 

PST 

SST 

46 

Catch (by mass) 

Haul 

Distance between successive hauls (within the same concentration) 

Time between successive hauls (within the same concentration) 

Total number of concentrations fished in period under consideration 

Primary search time for a swarm in a concentration 

Secondary search time for a swarm (while waiting to complete 
processing) 



CST 

TAST 

FISHT 

TOWT 

TOWT-FISHT 

TRANS 

Search time for a concentration 

Total of all search time (TPST + TSST + TCST) 

Fishing time with net at desired depth (as recorded routinely at 
present) 

Total period net is in the water during a haul 

Sum of net lowering and raising times 

Time lost to bad weather 

Time in transit to offload. 
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Table 1: 

.j:>. 
1.0 

Summary statistics from a sample of data from a Japanese commercial krill trawler. A number followed by another in 
parenthesis corresponds to mean (standard deviation), except where indicated otherwise or where only a single statistic is 
involved. 

JAH 1981 FES 1981 JAH 1982 FEB 1982 AVERAGE 
- - . __ ._.- ---

Hu!t>er of haul ~ (TH) 227 163 185 174 187 (28) 
Swarms fIshed per haul 1.34 (0.67) 1.36 (0.69) 1.05 (0.23) 1.09 (0.34) 1.21 (0.46) 

Total catch (TC) (ton~) 1502 1085 1485 11935 111502 (347) 
Catch, per haul (C/H) (t) 6.62 (4.70) 6.66 (5.14) 8.03 (4.76) 11.12 (5.43) 8.11 (5.20) 

Total fIshIng time (TFISHT) (hours) 236.5 226.2 162.1 \278.5 11225.8 (48.1 ) 
TC/TFISHT (t/h) 6.35 4.80 9.16 6.95 6.82 (1.81 ) 
C/FISHT (t/h) 9.08 (10.71) 5.BB (5.29) 15.06 (17.48) 9.01 (9.48) 9.76 (10.46) 

FISHT per haul (h) 1.042 (.578) 1.388 (.672) 0.876 (.573)1 1.601 (.742) 11 1.227 (.661) 
FISHT per haul (Swarms I) (h) 1.034 (.591) 1.416 (.695) 0.874 (.583) 1.604 (.754) 1.232 (.678) 
FISHT per haul (Swarm~ > I) (h) 1.066 (.543) 1.317 (.593) 0.908 (.372) I. 556 (.566) 1.212 (.526) 

TIme between haul~ (TBH) (h) 2. I .. (0.95) 2.68 (1.02) 2.39 (1.13) 2.95 (1.40) 2.54 (1.13) 
C/TSH (t/h) 3.66 (2.81) 3.00 (2.50) 4.51 (3.66) 4.30 (2.30) 3.87 (2.85) 
Average C/TSH (over 10 successive 3.61 (I. 38) 2.84 (0.92) 3.82 (1.00) 3.77 (O.BI) 3.51 (1.04) 

hauls) (t/h) 
Ol~tance between hauls (OSH) (n.m.) 2.35 (2.37) 3.39 (3.51) 2.51 (2.08) 3.62 (2.76) 2~97 (2.70) 
Speed of haul (knots) 2.01 (0.03) 2.00 (0.02) 2.01 (0.03) 2.00 (0.02) 2.01 (0.02) 

Ho. concentrations fIshed (THe) 7 [ 7, 10] 7 [ 4, 8] 11 [ 10,11] 7 [ 5, 7] 8 [6.5, 9] 
[mln, max] 

Total concn search time (TCST) (h) 195.7 117.5 276.1 75.3 166.2 (BB.7) 
Search tIme per concn (CST) (h) 21.7 (13.1 ) 16.8 (15.2) 25.1 (37.8) 12.6 (8.1) 19.1 (17.5) 
Inter-concentratIon distance (n.m.) 115 ( 106) 138 ( 122) 100 (87) 70 (68) 106 (96) 

North-South fIshIng extent (n.m.) 100 71 108 119 100 (21 ) 
Bad weather and transit tIme (h) 57.2 113.2 91.0 107.8 92.3 (25.2) 

Balance tIme (net raisIng, lowerln91 254.6 215.1 214.6 210." 223.7 (20.7) 
searchIng for swanm~; processIng) (h) 



Table 2: 

50 

Values of fishing operation parameters for various modifications. Where a 
value of a "partially tuned" parameter is shown in square brackets, the value 
was not tuned for that modification, but set equal to the tuned value for a 
related modification. 

PARAMETER 

fIxed 

. Start search posl t Ion (n.m.) 
InItIal search aIm poInt (n.m.) 
Dlst moved bad weather (n.m.) 

Process rate (t/h) 
Process time estimated avaIlable 

durIng next haul (h) 

Target catch per haul (t) 

Ho swarms per haul 

Hex length hau I TOWmax (n.m.) 

Sonar detection wIdth (m) 

Partlall~ Tuned 

Swarm elongatIon factor, f 

Swar~ SelectIvIty, B~ln (t) 

Repeat haul criterion 
(C/FISHTlrpt (t/h) 

Leave concentratIon criterIon 
CRmln (t/h) 

(No concentratIons Ne) 

Principal fIshIng operatIon 
statistic to which tuned: I) 

2) 
3) 
") 
5) 

HOOEL 

One Swarm per Haul I10re than One Swami per Hau I .. 
No eiongatlon E longat lon++ Off-Centre++ Through Centre 

(0,100) (0,100) 
(300,0) (300,0) 

50 50 

2.5 2.5 

0.75 1.5 

10 10 

I I 

(free) (free) 

M.A. N.A. 

(I) 8 1 

[50) 502 

50· 10· 

3.25 2.05 

[36] 365 

Mean fish time per haul (fISHT) 
Mean catch per haul (C/R) 
Catch per fIshing time (TC/TFISHT) 
Fraction attempted repeated hauls 

(0.100) 
(300,0) 

50 

2.5 

1.5 

10 

(free) 

• 
35 

(I) 

53 

10 

3.25 

[36] 

Concentration searching tIme (TCST) &od number of 
concentrations fIshed (TNe) 

(0.100) 
(300,0) 

50 

2.5 

1.5 

10 

(free) 

" 
35 

(I) 

(5) 

. [ 10] 

[3.2] 

[36] 

++ ModifIcatIons used for further analysis 
•• Corresponds to original model developed In Chapter 2. 
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Table 3: Comparison of statistics for the Japanese commercial krill fishery from the data sample provided and other sources with the 
simulation model outputs for the base case. The simulation model results reflect the mean over 100 runs. (NB: All statistics 
apply to a half-month period.) The numbers in parenthesis are c.v:s, except for time budget percentages where they are 
standard deviations. 

CATCH STATISTICS COMMERCIAL DATA SIMULATION MODEL OUTPUT 
.~.---.---- .. - -------- ------_. __ ._-_._---------------------_._-_.-.. ---

80/81 + BI/82 Other One Swarm per Haul More than :W~arm per Hau I 
Data Sample Sources 

---- .----------- -_._ .. -. --- ._-----" ----- Non':TiiTf ~ wa-rms towed -----
•• ++ 

(Table I) No elongatIon Elongated swarms Off-Centre Through Centre 
(f= I) (f=8) 

---~------ ------ - ------------

Number of hauls (TH) I 94 (0. IS) 121. (0.42) 93. (0.38) 86 (0.40) 100 (0.39) 

Swarms fIshed per haul 1.21 (0.38) I I 4.97 (O.SS) 4.63 (0.55) 

Total catch (TC) (t) 751 (0.23) 856 (+) (0.43) 666 (0.40) 784 (0.4I) 944 (0.40) 

Catch per haul (C/H) (t/h) i 
8.11 (0.64) 7.08 (0.46) 7.17+ (0.45) 9.14 (0.28) 9.43 (0.27) 

Total fIshIng tIme (TFISHT) (h) 113 (0.21 ) 27 (0.4I) 112 (0.35) 98 (0.38) 107 (0.36) 

TC/TFISHT (t/h) 6.82 (0.27) 31.54 (0.14) 5.87 (0.17) 7.92+ (0.10) 8.66 (0.11 ) 

C/FISHT (t/h) 9.76 (1.07) 43.75 (0.12) 11.85 (0.21 ) 17.82 (0.22) 18.31 (0.2I) 

FISHT per haul (h) 1.23 (0.54) 0.22+ (0.65) + (0.90) 1.14+ (0.60) 1.07 (0.61 ) 
I 

0.4 1 
1.20+ 

FractIon attempted repeated hauls I 0.40 (0.20) 0.44 (0.21 ) 0.44 (0.16) 0.48 (0.16) 

I 
TIme between hauls (TBH) (h) I 2.54 (0.44) I. 70 (0.32) 2.28 . (0.49) 2.34 (0.34) 2.29 (0.34) 

DIstance between hauls (DBH) (n.m.) I 2.97 (0.9I) 1.27 (I. 09) 2.61 (0.89) 2.57 (0.79) 2.40 (0.82) 
! 
I 

1-2 1 + + + 
Number concentratIons fIshed (TNC) 

I 
4 (0.25) 2.09( ) (0.45) 2.13+ (0.36) 2.37 } (0.4I) 1.83 (0.44) 

Total concn search tIme (TeST) (h) 83 (0.53) 125 + (0.63) 116 (0.57) 132 + (0.54) 102 (0.77) 

Search tIme per concn (CST) (h) 19.1 (0.92) 73.4 (0.94) 64.0 (0.83) 62.0 (0.91 ) 58.7 (1.01 ) 

Inter-concentratIon dIstance (n.m.) 106 (0.91 ) 85 (0.74) 75 (0.62) 76 (0.72) 78 (0.62) 

North-south fIshIng extent (n.m.) 100 (0.21 ) ( 1002 52 (1.01 ) 40 (0.93) 57 (0.85) 55 (O.96) 

DIstance from Ice-edge (n.m. ) I 
66 (O.72) 67 (0.65) 64 (0.67) 65 (0.74) 

, 

TIME BUDGET (~) 
TPST+TSST+(TTOWT-TFISHT} 32 (3) 49 (21 ) 28 ( IS) 28 (I I) 34 (13) 

TCST 23 (l2) 
453 

35 (22) 32 (l8) 37 (20) 28 (22) 

TAST=TPST+TSST+TCST 25 4 61 (I I} 42 ( IS) 48 ( IS) 43 ( 16) 

TFISHT I 32 (7) 18 8 ( 3) 31 (II) 27 ( 10) 30 (11 ) 

TTOWT (Includes TFISHT) I 42 50 30 ( 13) 49 ( 17) 44 ( 17) 49 (18) 

BW+TRANS 
, 

13 (4) 13 25 9 ( 5) 9 ( 6) 8 ( 6) 8 ( 6) , 

I} T Ichl I (pers. commn. Sept 1987) Corresponds to orIgInal model developed In Chapter 2 FIxed by desIgn 
+ PartIally tuned 
(+) PartIally tuned for 

related modIfIcatIon 

2} CaptaIn Fukul (pers. commn. Sept 1987) 
3} Butterworth (1987) ++ ModIfIcatIons used for further analysIs 
4} Y Shlmadzu (pers. commn. Sept. 1987) 
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Table 4: Comparison of abundance indices for the base case simulation model run with those from six alternative krill distribution 

scenarios, each corresponding to a 50% overall biomass drop. For the base case, the mean over the 100 simulations is 
shown, together with the standard error of this mean in parenthesis. For the alternative scenarios, the percentage 
difference from the base case mean is given, together with the standard of error that difference in parenthesis. (Units, 
where appropriate, are tonne-hour combinations.) 

( a) One elongated (f=8) swarm per haul 

INDEX I Base case 

+++ 666 A. I: TC+++ 
2: TH 93 

B.I: TFISHT+++ 111.8 
2: TPST 22.8 
3: TPST++ TSST+ 36.0 
4: TCST++ 116.2 
5: TAST 152.2 

C. I: TC/TF I SHJ~+ 
2: C/FISHT+ 

5.87 
11.85 

3: TC/TPST 28.99 
4: C7PST 64.59 
5: TC/(TPSJ+TSST)+ 18.56 
6: TC/TCST 13.07 

0.1: TC/TFISHT/PST 23.31 
2: TC/TFISHT/(PST+SST)+ 14.84 
3: TC/TFISHT/PSf/CSf 0.724 
4: TC/TFISHT/(PST~ST)/CST+ 0.459 
5: TC/TFISHT/TAST 0.045 

E.I: TNC+ 2.13 
2: TH/TNC+ 43.6 

-+++ 7.17 F.I: C/H +++ 
2: FISHJ 1.20 
3: TOWJ/ 1.89 
4: TOO 2.28 

Data currently collected +++ 

++ 

+ 
Data collectable, but onerous 

blank 

Data collectable wIth diffIculty 

Extreme difficulties data collectIon 

(27) 
( 4) 

(3.9) 
(0.9) 
( 1.4) 
(6.6) 
(5.3) 

(0.10) 
(0.24) 
(0.39) 
( 1.02) 
(0.18) 
(2.15) 

(0.52) 
(0.25) 
(0.085) 
(0.056) 
(0.002) 

(0.07) 
(2.4) 

(0.03) 
(0.01 ) 
(0.01) 
(0.01 ) 

Nc x 0.5 

-40 ( 9) 
-39 ( 9) 

-38 ( 8) 
-39 ( 8) 
-40 ( 9) 
+68 (7) 
+42 ( 5) 

- 8 ( 3) 
- 6 ( 4) 
- I ( 3) 
- Z ( 3) 
+ 3 ( 3) 
-64 (23) 

- 6 ( 4) 
- 3 ( 3) 
-57 ( 16) 
-57 ( 16) 
-27 ( 7) 

-38 ( 8) 
- I ( 9) 

- 2 ( I) 
+ 2 ( I) 
+ I ( I) 
+ 0 ( I) 

N x 0.5 Lc x 1/./2' Dc x 0.5 r x 1/12' cS x 0.5 
c+ P.S. 

+ I ( 6) -16 ( 7) -17 ( 6) + 9 ( 6) -60 ( 7) 
+ 2 ( 6) -16 ( 7) -17 ( 6) + 8 ( 5) -52 ( 6) 

+ 3 ( 5) -15 ( 6) -17 ( 5) - 4 ( 5) -32 ( 5) 
- I ( 6) -17 ( 7) +44 ( 6) +63 ( 5) -27 ( 6) 
+ I ( 6) -17 ( 7) +18 ( 6) +39 ( 6) -44 ( 6) 
- 2 ( 9) +29 ( 8) +20 ( 8) - 8 ( 9) +73 ( 6) 
- I ( 5) +18 ( 5) +19 ( 5) + 3 ( 5) +45 ( 4) 

- 2 ( 3) - 4 ( 3) - 0 ( 3) +15 ( 2) -42 ( 3) 
+ I ( 3) - I ( 3) + 5 ( 3) +13 ( 3) -39 ( 4) 
+ 5 ( 2) + I ( 2) -43 ( 2) -33 ( 2) -45 ( 3) 
+ 2 ( Z) + Z ( 3) -31 ( 3) -25 ( 3) -34 ( 3) 
+ I ( I) + 0 ( I) -31 ( 2) -22 ( 2) -29 ( 2) 
+12 (23) -22 (24) -37 (22) +57 . (24) -87 (19) 

+ 4 ( 4) - I ( 4) -42 ( 4) -24 ( 3) -62 ( 4) 
+ I ( 3) - 2 ( 3) -30 ( 3) -11 ( 3) -52 ( 3) 
+ 3 (15) -17 ( 16) -49 ( 15) - 8 (16) -77 (14) 
+ I (15) -20 (16) -39 ( 15) + 5 (16) -71 (14) 
+ 4 ( 6) -11 ( 7) -18 ( 6) + 9 ( 6) -62 ( 6) 

- 7 ( 6) - 9 ( 6) + 7 ( 5) 0 ( 6) +41 ( 5) 
+ 9 ( 8) - 7 ( 8) -22 ( 8) + 8 ( 8) -66 ( 6) 

- I ( I) - I ( I) + 0 ( I) + 2 ( I) -17 ( I) 
+ I ( I) + I ( I) - 0 (I) -11 (1) +41 ( 2) 
+ I ( I) + I ( I) - 0 ( I) - 7 ( I) +26 ( I) 
+ 0 (1) + 0 ( I) + 7 ( I) - 1 (1) +25 ( I) 

---



Table 4: 
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Comparison of abundance indices for the base case simulation model run with those from six alternative krill distribution 
scenarios, each corresponding to a 50% overall biomass drop. For the base case, the mean over the 100 simulations is 
shown, together with the standard error of this mean in parenthesis. For the alternative scenarios, the percentage 
difference from the base case mean is given, together with the standard of error that difference in parenthesis. (Units, 
where appropriate, are tonne-hour combinations.) 

(b) More than one swarm per haul 

INDEX Base case Nc x 0.5 Nc x 0.5 Lc x 1/./2' Dc x 0.5 r x 1/./2' & x 0.5 
+ P.5. 

+++ 784 (32) -41 ( 9) +25 ( 5) -10 ( 6) -62 ( 6) -51 ( 6) -64 ( 6) A.I: TC+++ 
2: TH 86 ( 3) -42 ( 4) +24 ( 5) -11 ( 6) -53 ( 6) -46 ( 6) -57 ( 6) 

B.II Tfl5HT+++ 98.0 (3.8) -42 ( 8) +26 ( 4) -10 ( 6) -41 ( 6) -34 ( 6) -42 ( 6) 
2: TPST 20.7 (O.B) -42 ( 9) +22 ( 5) -14 ( 6) -18 ( 6) -30 ( 6) -43 ( 6) 
3: TPST + + T55T+ 42.9 ( 1.8) -40 ( 9) +26 ( 5) -10 ( 6) -49 ( 6) -4B ( 6) -61 ( 6) 
4:. TCST++ 131.5 (7. I) +55 ( 7) -36 ( 8) +12 ( 7) +64 ( 6) +59 ( 6) +70 ( 6) 
5: TAST 174.4 (5.5) +32 ( 4) -21 ( 4) + 6 ( 4) +37 ( 4) +33 ( 4) +38 ( 4) 

C.I: TC/TFI5HJ+++ 7.92 (0.08) + 0 ( 2) - 0 ( I) + 0 ( 2) -35 ( 2) -26 ( 2) -38 ( 2) 
2: C/fI 5HT+ + 17.82 (0.40) - 4 ( 4) - 5 ( 3) - 2 ( 3) -26 ( 4) -19 ( 4) -46 ( 5) 
3: TC/TPST 37.96 (0.51 ) + 3 ( 2) + 3 ( 2) + 5 ( 2) -51 ( 3) -30 ( 2) -36 ( 3) 
4: C7PST 86.52 (1.67) - I ( 4) + 7 ( 2) + 4 ( 3) -43 ( 4) -22 ( 3) -29 ( 4) 
5: TC/(TPSJ+T55T)+ 18.39 (0.14) + 0 ( I) - I ( I) - I ( I) -23 ( 2) - 7 ( I) - 7 ( 2) 
6: TC/TC5T 10.18 ( 1.04) -37 (27) +98 ( 16) +17 (28) -84 (13) -79 ( 13) -86 (12) 

O. I: TC/TFI5HT/PST 32.08 (0.57) + 3 ( 3) + 2 ( 2) + 4 ( 3) -63 ( 4) -44 ( 3) -55 ( 3) 
2: TC/TFIsHT/(PST+ssT)+ 15.50 (0.18) - 0 ( 2) - 2 ( I) - 2 ( 2) -42 ( 3) -26 ( 2) -34 ( 2) 
3: TC/TFISHT/PST/CsT 0.883 ( .071) -45 ( 17) +85 (11) -I I ( 16) -76 (11) -62 (10) -72 (11) 
4: TC/TFIsHT/(PSTr?sT)/CST+ 0.421 ( .032) -48 ( 15) +79 ( 10) -18 ( 14) -62 (11) -49 (10) -59 (11) 
5: TC/TFIsHT/TAsT 0.051 ( .002) -IB ( 6) +20 ( 4) - 6 ( 5) -55 ( 4) -49 ( 4) -59 ( 4) 

: + 
i LI : TNC 2.37 (0.10) -43 ( 8) +27 ( 5) -15 ( 6) +42 ( 6) +45 ( 6) +38 ( 6) 

I 2: TH/TNC+ 36.2 

-+++ 9.14 
F. I: 9 H 

rT+++ 
I 2: FISH + 1.14 
. 3: TOW 1.83 

4: TBH + 2.34 

+++ Data currently collected 
++ Data collectable, but onerous 
+ 

blank 

Data collectable with difficulty 

Extreme difficulties data collection 

( I.B) + 3 ( 9) 

(0.03) + I ( I) 
(0.01 ) - I ( I) 
(0.01 ) - 0 ( 1) 
(0.01 ) + 0 ( I) 

- 2 (7) + 5 ( 7) -67 ( 5) -62 ( 6) -69 ( 5) 

+ I ( 0) + I ( 0) -17 ( I) -I I ( I) -17 ( I) 
+ 2 ( I) + 2 ( I) +27 ( I) +21 ( 1) +35 ( I) 
+ I ( I) + I (I) +17 ( I) +13 ( I) +22 ( 1) 
+ I ( I) + I ( I) +17 ( I) +11 ( I) +16 ( I) 



~ Table 5: Efficiency of abundance indices in detecting changes in krill biomass : 

100 simulations detect no change significant at 5% blank 
+ / -
* 

direction of change if difference significant at 5% level detected 
Index (or its inverse) drops by > 20% 

* * index (or its inverse) drops by > 45% (within 95% limits) 

(a) One elongated (f=8) swarm per haul 

INDEX Ne x 0.5 N x 0.5 
e+ P.S. 

Le x 1/12' De x 0.5 

+++ ---A.I: TC+++ - -
2: TH --- - -

B.I: TFl5HT+++ _0- - -
2: TPST _00 - +-
3: TPST + T55T+ _0. - + 
4: TC5T+ +-- +0 + 
5: TA5T++ +- + + 

C.I: TC/TFI5HJ+++ -
2: C/FI5HT+ + 
3: TC/TP5T + _00 

4: C/PST 
_. 

5: TC/(TPS++TS5T)+ --
6: TC/TCST .. .. ." .0 

0.1: TC/TFISHT/PST _.-
2: TC/TFISHT/(PST+SST)+ _0 

3: TC/TFISHT/PST/CST _0- .. _0-
4: TC/TFISHT/(PST~ST)/CSTI _ .. .0 _.-
5: TC/TFISHT/TAST -- -

LI: TNC+ _e. 
2: TH/TNC+ --

F.I: C/H+++ -
2: FISHC+ + 
3: TOWr.;. + 
4: TBH + + 

r x 1/./2' 4 x 0.5 

-"" _ .. 
-" 

+0. -" 
+" -" 

+ •• 
+a 

+ _aa 
+ _eo 

! _0 _00 _. 
-" 

-* 
_. 

+ •• _ .. 
_. _ .. 
- _0. 

_00 
_00 
_0. 

+a 
_00 

+ -
- +a 
- +0 

+ 
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Table 5: Efficiency of abundance indices in detecting changes in krill biomass 

100 simulations detect no change significant at 5% blank 
+ / -
* 

direction of change if difference significant at 5% level detected 
Index (or its inverse) drops by > 20% 

* * index (or its inverse) drops by > 45% (within 95% limits) 

(b) More than one swarm per haul 

INDEX N x 0.5 N x 0.5 Le x 1/12' Dc x 0.5 
e e+ P.S. 

+++ -" +' -" A.I: TC+++ 
2: TH 

_,e + _e. 

B.I: TFISHT+++ _.e +. _e. 
2: TPST 

_e. + - -
3: TPST + + TSST+ _.e +' -" 
4: TCST++ +" _ .. + •• 
5: TAST +' 

_. +a 

C.I: TC/TFISHJ+++ -' 
2: C/FISHT+ + _e 

3: TC/TPST + _e. 

4: C/PST + _e. 

5: TC/(TPSJ+TSST)+ -' 
6: TC/TCST e. +,e •• _e • 

0.1: TC/TFISHT/PST 
_e. 

2: TC/TFISHT/(PST+SST)+ 
_ .. 

3: TC/TFISHT/PST/CST _ .. + •• _e. 
4: TC/TFISHT/(PST~ST)/CSTI _.e +'. .. _e • 
5: TC/TFISHT/TAST - + _e. 

E.I: TNC+ _ .. +. +. 
2: TH/TNC+ _ .. 

=-=-+-++ + + F.I: C/H +++ + -
2: FISHL. + +. 

3:~ + + 
4: TBH + + + + 

r x 1/12' cS x 0.5 

_00 _00 

_0' _0' 

_.e -" 
-' _a. 

-" _ .. 
+" +" 
+a +" 

_e -* 
- _ .. 
_e -' _. _0 

- -
_0. -'. 
-'. _ .. _. -' _ .. _ .. 
-'. -" _ .. _.a 

+. +a 
-" _ .. 

I 

- -
+ +. 
+ + 
+ + 
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Table 6: Further comparative statistics from 100 model runs for the base case and for six alternative scenarios each corresponding 

to a 50% overall biomass drop. The format is as for Table 4 except that values in parenthesis for the base case are standard 
deviations (D.Q1 standard errors of the mean). 

( a) One elongated (f-=8) swarm per haul 

Base case ,\ Hc x 0.5 Hc x 0.5 Lc x 1/./2' Dc x 0.5 r x 1/./2' I 11 x 0.5 
I1 + P.S. 

Proportion of flshable swarms per concentration 0.075 (0.004) ~ + 1 (0.6) + 1 (0.5) 0 
-----.--
(0.7) + 1 (0.6) -40 (0.6) -41 (0.5) 

Hean blomass of flshable swarms (t) 439 (4920) - 1 (5) + 1 (5) + 1 (6) + 1 (6) -19 (5) -21 (5) 
Hean radius of flshable swarms (m) 

(before elongation) 370 (331) - 0 (0.5) - 0 (0.4) - 0 (0.6) + 0 (0.5) -14 (0.5) +21 (0.4) 
Hean length of swarm towed through (m) 4160 (4003) + 2 (2) + I (I) + 1 (I) - 0 (I) 

I 

-12 (I) +44 (2) . 
Proportion of attempted reflshlng of swarm 0.44 (0.09) -10 (4) - 2 (3) - 4 (4) + 0 (3) +11 (3) -43 (5) 
Hean distance between swarms fished (n.m.) (OBH) 2.61 (2.34) + 2 (2) + I (1) - 5 (I) +13 (I) + I (I) +41 (2) 

Hean distance between concentrations fished (n.m.) 75 (47) +20 (11 ) -16 (9) - 3 (10) - 4 ( 10) - 4 ( 10) - 4 (9) 
Proportion of concentrations found that had 

previously been fished that half-month 0.09 (0.29) 1 -65 (54) -49 (39) -47 (39) -31 (34) -31 (35) +30 (27) 
I 

Hean distance to Ice-edge of 
concentrations fished (n.m.) 67 (44) + I (7) -13 (6) - 6 (6) + 0 (7) - 4 (7) + 6 (6) 

Hean distance excluding case where no concentration I I 
__ ~as found during Initial transit to Ice ~ 65 (56) :1 -14 (14) -41 (13) I -22 ( 12) -17 (13) -33 (13) -10 ( 13) I , 

I ----- - - -'----- I ---

'Standard deviation Is of set of 100 estimated proportions. 
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Table 6: Further comparative statistics from 100 model runs for the base case and for six alternative scenarios each corresponding 
to a 50% overall biomass drop. The format is as for Table 4 except that values in parenthesis for the base case are standard 
deviations (D.Q1 standard errors of the mean). 

( b) More than one swarm per haul 

,----------- ---
Lc x 1/./'[' DC x 0.5 r x 1//'2' 6 x 0.5 Base case N x 0.5 N c x 0.5 c + P.S. 

Proportion of flshable swarms per concentration 0.290 (0.007) :I- 0 (0.3) 0 (0. 3) - 0 (0.3) + 0 (0.3) -29 (0.3) -29 (0.3) 

Mean blomass of flshable swarms (t) 127 ( 1972) + 2 (5) + 2 (5) - 7 (4) + 8 (B) -29 (5) -2B (4) 

Mean radius of flshable swarms (m) 204 (213) - 0 (0.4) - 0 (0. 3) - 0 (0.4) + 0 (0.3) -16 (0.3) +IB _ (0.3) 

Mean length of tow from entering first swarm (m) 3935 (2531 ) - I (I) + 2 (I) + 2 (1) +29 (I) +23 (I) +3B (I) 

Number of swarms fished per haul 4.97 (2.76) + 0 (I) + 4 (I) + 3 (I) -24 (I) + 3 (I) +27 (I) 
• 

Proportion of attempted reflshlng of swarm 0.44 (0.07) - 3 (3) - 3 (2) - 2 (2) -41 (4) -33 (3) -55 (5) 

Mean distance between swarms fished (n.m.) (OBH) 2.57 (2.03) - 2 (I) + 2 (I) - 2 (I) +40 (I) +26 (I) +41 (I) 

Mean distance between concentrations fished (n.m.) 76 (55) \ +14 (12) -32 (B) +13 ( 10) -4 (B) + 7 (B) + B (B) 

Proportion of concentrations found that had 
previously been fished that half-month 0.06 (0.23) -33 (52) +95 (3, - 0 (40) +196 (30) +160 (30) +156 (30) 

I 

+ 9 (7) +13 (6) +20 (6) +20 (6) 

+52 (10) +53 (11) +67 (13) +57 (12) 
- -----------

I 
I 

Mean distance to Ice-edge of li ., 18' -, 15 concentrations fished (n.m.) I 64 (43) 
I 

Mean distance excluding case where no concentration I 
50 (29) 'I +4B ( 12) +28 ( lE was found durIng InitIal transIt to Ice i 

I 
--------------'--- -- -------

·Standard deviatIon Is of ~et of 100 estimated proportions. 
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Table 7: Additional comparative statistics from simulation model runs for the base case and six alternative scenarios each 
corresponding to a 50% overall biomass drop. The values given are means over 100 runs, with the standard errors of those 
means given in parenthesis. 

( a) One elongated (f=8) swarm per haul 

---

I Base case Nc x 0.5 N x 0.5 Lc x I r/2' Dc x 0.5 r x 1/12' 6 x 0.5 
!f P.S. 

Proportion occasions fishing 
concentration terminated 
due to: bad weather 0.10 ( .02) 0.07 ( .02) 0.07 ( .02) 0.05 (.02) 0.08 ( .02) 0.07 (.02) 0.03 ( .01) 

poor catch rate 0.55 (.03) 0.68 ( .04) 0.62 ( .04) 0.60 ( .03) 0.73 ( .03) 0.53 ( .04) 0.86 (.02) 

Proportion of runs where 
concentration found prior to 
Initial transIt reaching Ice-edge 0.74 ( .04) 0.47 ( .05) 0.72 ( .05) 0.54 ( .05) 0.66 ( .05) 0.73 ( .05) 0.67 ( .05) 

TI HE 8UDGET (~) 

BW + TRANS 9 (I) 10 (I) 8 (I) 9 (I) 9 (I) 8 (I) 9 (I) 

TAST 42 (I) 60 (2) 42 (2) 50 (2) 50 (2) 43 (I) 61 (I) 
nOWT 49 (2) 30 (2) 50 (2) 41 (2) 40 (2) 48 (2) 30 (I) 

(b) More than one swarm per haul 

Base case N c x 0.5 N x 0.5 Lc x 1/./2' Dc x 0.5 r x 1/12' 6 x 0.5 I 

~ P.S. 

Proportion occasIons fishing 
concentratIon termInated 
due to: bad weather 0.06 ( .02) 0.09 ( .03) 0.09 (.02) 0.06 (.02) 0.03 (.01 ) 0.03 (.01 ) 0.01 (.01 ) 

poor catch rate 0.70 ( .03) 0.66 ( .04) 0.64 ( .02) 0.69 ( .03) 0.91 (.01 ) 0.86 (.02) 0.89 (,02) 

Proportion of runs where 
concentratIon found prior to 
Initial transit reaching Ice-edge 0.66 ( .05) 0.40 (.05) 0.93 (.03) 0.58 ( .05) 0.70 ( .05) 0.79 ( .04) 0.63 ( .05) 

TlHE BUDGET (~) I 
I 

BW + TRANS I 8 (I) 11 (I) 7 (I) 9 (I) 10 (I) 9 (I) 10 (I) 
TAST 148 (2) 64 (2) 38 (I) 

I 
52 (2) 66 (I) 64 (I) 67 (I) 

nOWT i 44 (2) 25 (2) 55 (I) 39 (2) 24 (I) 27 (I) 23 (I) 
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Table 8: Abundance indices as a proportion of their values for the base case simulation model run. When the overall krill biomass is 
decreased to a fraction Cl of its base case level through a random combination of changes in Nc ' Le, Dc , rand B. Results relate 
to the means over 100 simulations in every case. The figures in parenthesis are standard errors of the proportions 
estimated. Note that some of the indices listed are the inverses of those shown in Tables 4 and 5; the inverse has been taken 
whenever necessary to make the index an increasing function of Cl - such cases are indicated by *. 

( a) One elongated (f=8) swarm per haul 

IN~ 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

+++ 
A.I: TC+++ 

2: TH 
0.55 (.08) 0.63 (.07) 0.70 (.07) 0.70 (.07) 0.79 (.07) 0.83 (.06) 0.86 (.06) 1.00 (.05) 
0.59 (.07) 0.67 (.07) 0.73 (.06) 0.72 (.07) 0.81 (.07) 0.84 (.06) 0.88 (.06) 1.00 (.05) 

B.1: TFISHT+++ 
2: TPST 
3: TPST + !~ST+ 
4: [TCST J -1 
5: [TAST+ ] 

+++ 
C.1: TC/TFIS~J+ 

2: C/FISHT 
3: TC/TPST 
4 C7PSf 
5 TC/(TPS++TSST)+ 
6 TC/TCST 

0.1: TC/TFISHT/PST 

0.63 
0.94 
0.77 
0.62 
0.71 

0.85 
0.90 
0.62 
0.74 
0.73 
0.24 

2: TC/TFISHT/(PST+SST)+ 
3: TC/TFISHT/PST/ESf 
4: TC/TFISHT/(PST~ST)/CST· 
5: TC/TFISHT/TAST ! 

0.56 
0.66 
0.29 
0.34 
0.58 

+ -1 
Eo 1: [TNC ] 

2: TH/TNC+ 

-+++ 
F.1: C~+++ _1 

2: [FISHL. -1 
3: [~ 11 
4: [TBH +] 

1 

1.00 
0.59 

0.94 

. '1 0.93 

I 
0.95 

i 0.91 

( .06) 
( .07) 
( .07) 
( .07) 
( .04) 

(.03) 
(.04) 
(.03) 
( .04) 
( .02) 
(.20) 

(.05) 
( .04) 
(.16) 
(.16) 
( .07) 

( .06) 
(.08) 

(.01 ) 
(.01 ) 
(.01 ) 
(.01 ) 

0.71 
1.01 
0.83 
0.66 
0.74 

0.88 
0.90 
0.65 
0.73 
0.77 
0.43 

0.61 
0.72 
0.41 
0.49 
0.67 

1.00 
0.67 

0.95 
0.94 
0.96 
0.93 

(.06) 0.76 
(.07) 1.02 
(.07) 0.87 
(.07) 0.71 
(.05) 0.78 

(.03) 
( .04) 
( .03) 
(.03) 
( .03) 
( .28) 

(.05) 
(.04) 
(.18) 
(.18) 
( .07) 

(.06) 
(.08) 

(.01) 
(.01 ) 
(.01 ) 
(.01 ) 

0.92 
0.90 
0.71 
0.78 
0.81 
0.34 

0.68 
0.77 
0.39 
0.46 
0.69 

0.96 
0.70 

0.96 
0.96 
0.97 
0.94 

(.06) 
( .06) 
(.06) 
( .07) 
( .04) 

(.03) 
( .03) 
( .03) 
( .03) 
(.02) 
( .20) 

( .04) 
( .03) 
( .15) 
( .15) 
( .06) 

( .06) 
( .08) 

( .01) 
(.01 ) 
( .01) 
( .01) 

0.76 
0.92 
0.82 
0.70 
0.78 

0.92 
0.92 
0.76 
0.80 
0.85 
0.46 

0.72 
0.80 
0.49 
0.54 
0.73 

1.02 
0.74 

0.97 
0.95 
0.97 
0.95 

( .06) 
(.07) 
( .07) 
(.08) 
(.05) 

(.04) 
( .04) 
( .03) 
( .03) 
( .02) 
( .22) 

( .05) 
(.03) 
(.16) 
(.16) 
(.07) 

(.06) 
(.08) 

(.01 ) 
(.01 ) 
(.01 ) 
( .01) 

0.82 (.06) 
0.98 (.07) 
0.90 (.07) 
0.77 (.08) 
0.83 (.05) 

0.95 (.03) 
0.97 (.03) 
0.82 (.03) 
0.87 (.03) 
0.89 (.02) 
0.78 (.28) 

0.80 (.04). 
0.87 (.03) 
0.67 (.17) 
0.73 (.18) 
0.82 (.07) 

1.04 (.06) 
0.84 (.08) 

0.98 (.01) 
0.99 (.01) 
0.99 (.01) 
0.98 (.01) 

0.86 (.06) 
0.96 (.06) 
0.91 (.06) 
0.79 (.08) 
0.85 (.05) 

0.96 (.03) 
0.99 (.03) 
0.86 (.02) 
0.90 (.03) 
0.91 (.01) 
0.55 (.20) 

0.84 (.04) 
0.89 (.03) 
0.63 (.15) 
0.66 (.15) 
0.82 (.06) 

1.02 (.05) 
0.86 (.08) 

0.99 (.01) 
0.98 (.01) 
0.99 (.01) 
0.98 (.01) 

0.89 (.06) 
0.97 (.06) 
0.92 (.06) 
0.85 (.08) 
0.90 (.05) 

0.96 
0.99 
0.89 
0.93 
0.93 
0.72 

(.03) 
(.03) 
( .02) 
(.03) 
( .02) 
(.22) i 

0.88 (.03) 
0.92 (.03) 
0.82 (.16) 
0.86 (.16) 
0.89 (.06) 

0.96 (.06) 
0.84 (.08) 

0.98 
0.99 
0.99 
0.99 

(.01 ) 
(.01 ) 
(.01 ) 
( .01) 

I 

1.03 (.05) 
1.09 (.05) 
1.04 (.05) 
1.01 (.08) 
1.00 (.05) 

0.97 
1.00 
0.9" 
0.97 
0.97 
1.06 

0.92 
0.95 
0.96 
1.01 
0.96 

0.96 
0.97 

(.02) 
( .03) 
( .02) 
( .02) 
(.01 ) 
(.23) 

( .03) 
(.02) 
( .15) 
( .15) 
( .06) 

( .05) 
(.08) 

0.99 (.01) 
0.98 (.01) 
0.99 (.01) 
0.99 (.01) 

0.9 

0.95 (.06) 
0.95 (.06) 

0.97 (.05) 
0.96 (.06) 
0.96 (.06) 
0.92 (.09) 
0.94 (.05) 

0.96 (.02) 
0.97 (.03) 
0.99 (.02) 
1.01 (.03) 
0.99 (.02) 
1.11 (.28) 

0.96 (.03) 
0.96 (.02) 
0.96 (.17) 
0.94 (.17) 
0.96 (.07) 

1.06 (.06) 
1.01 (.08) 

1. 00 (.01) 
0.98 (.01) 
0.99 (.01) 
0.99 (.01) 



0\ o Table 8: Abundance indices as a proportion of their values for the base case simulation model run. When the overall krill biomass is 
decreased to a fraction a. of its base case level through a random combination of changes in Ne, Le, De , rand B. Results relate 
to the means over 100 simulations in every case. The figures in parenthesis are standard errors of the proportions 
estimated. Note that some of the indices listed are the inverses of those shown in Tables 4 and 5; the inverse has been taken 
whenever necessary to make the index an increasing function of a. - such cases are indicated by *. 

(b) More than one swarm per haul 

---------------- Q INDEX --______.. 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

+++ 0.36 (.07) 0.35 ( .07) 0.43 ( .08) 0.48 (.07) 0.57 (.07) 0.59 (.06) 0.77 (.06) 0.76 ( .07) 0.93 A.I: TC+++ 
2: TH 0.42 (.07) 0.40 ( .07) 0.47 ( .07) 0.52 (.07) 0.60 (.07) 0.62 (.06) 0.62 (.06) 0.78 ( .07) 0.93 

B.I: TFISHT+++ 0.52 (.07) 0.49 (.06) 0.56 (.07) 0.61 ( .06) 0.68 (.06) 0.69 (.06) 0.83 (.06) 0.81 ( .06) 0.96 
2: TPST 0.60 ( .08) 0.55 (.07) 0.59 (.07) 0.62 ( .07) 0.67 (.06) 0.69 (.06) 0.81 (.06) 0.78 (.07) 0.92 
3: TPST + T?ST+ 0.42 (.07) 0.40 ( .07) 0.46 (.07) 0.50 ( .07) 0.59 (.07) 0.61 (.07) 0.78 (.06) 0.76 ( .07) 0.93 + - . 0.57 ( .06) 0.56 ( .06) 0.59 ( .06) 0.60 (.06) 0.65 (.06) 0.66 (.06) 0.77 (.07) 0.78 ( .07) 0.92 4: [TCST +) _I 
5: [TAST 1 • 0.70 (.03) 0.69 (.03) 0.72 ( .04) 0.73 (.04) 0.77 (.04) 0.77 (.04) 0.86 (.04) 0.87 ( .04) 0.96 

C.I: TC/TFlSHJ t ++ 0.71 ( .03) 0.71 (.03) 0.79 (.03) 0.78 (.02) 0.83 (.02) 0.88 (.04) 0.91 (.02) 0.93 ( .02) 0.94 
2: C/FISHT+ + 0.72 ( .06) 0.72 (.06) 0.81 ( .06) 0.75 (.05) 0.79 (.04) 0.87 (.05) 0.89 (.04) 0.90 (.04) 0.87 
3: TC/TPST 0.66 (.04) 0.67 (.03) 0.74 (.03) 0.79 (.03) 0.86 (.02) 0.88 (.02) 0.97 (.02) 0.99 ( .02) 1.01 
4: C/PST 0.74 ( .05) 0.73 (.05) 0.80 (.04) 0.83 (.04) 0.87 (.03) 0.88 (.03) 0.99 (.03) 0.99 (.03) 1.03 
5: TC/(TPSJ+TSST)+ 0.88 ( .02) 0.90 (.02) 0.92 (.01 ) 0.96 (.01 ) 0.98 (.02) 0.98 (.01) 1.00 (.Ol) 1. 01 (.01 ) 1.01 
6: TC/TCST 0.14 (.13) 0.14 ( .14) 0.20 (.16) 0.26 (.23) 0.31 (.19) 0.29 (. 14) 0.61 (.19) 0.64 (.19) 1. 10 

D. I: TC/TFISHT/PST 0.53 (.05) 0.54 (.05) 0.62 (.05) 0.66 (.04) 0.74 (.03) 0.79 (.04) 0.89 (.03) 0.93 ( .03) 0.96 
2: TC/TFISHT/(PST+SST)+ 0.69 ( .03) 0.72 ( .04) 0.77 (.03) 0.79 ( .02) 0.84 (.02) 0.88 (.03) 0.92 (.02) 0.94 ( .02) 0.95 
3: TC/TFISHT/PSi/Clr 0.24 (.11) 0.24 ( .12) 0.34 (.12) 0.38 (.12) 0.45 (. 14) 0.44 (.IO) 0.70 (. 12) 0.74 ( .12) 0.87 
4: TC/TFISHT/(PSTi~ST}/CSTI 0.33 ( .10) 0.32 (.11) 0.43 ( .12) 0.47 (.II) 0.51 (. 12) 0.50 (. 10) 0.73 (.12) 0.76 (.II) 0.86 
5: TC/TFISHT/TAST 0.45 ( .04) 0.45 (.05) 0.53 ( .05) 0.55 (.05) 0.61 (.05) 0.65 (.05) 0.16 (.05) 0.80 (.05) 0.94 

+ -I · 0.90 ( .07) 0.96 ( .07) 0.91 (.07) 0.84 (.06) 0.90 (.06) 0.96 (.06) 0.88 (.06) 0.94 (.06) 1.05 Eo I: [TNC 1+ 
2: TH/TNC 0.38 (.06) 0.38 (.06) 0.43 ( .06) 0.44 (.07) 0.54 (.07) 0.56 (.07) 0.69 (.07) 0.73 ( .07) 0.98 

C71T'"++ 0.86 (.01 ) 0.87 (.01 ) 0.91 (.01 ) 0.91 ( . 0 I ) 0 . 95 (. 0 I) I 0.96 (.Ol) 0.98 (.Ol) 0.98 (.01 ) 1.00 F.I: 1 
2: [FISHJ:+~f • 0.80 (.01) 0.81 (.01 ) 0.85 (.01 ) 0.85 (.01) I 0.89 (.0 I) j 0.90 (.Ol) 0.94 (.Ol) 0.95 (.01 ) 0.97 

! 3: [TOWJ 11 • 0.87 (.01 ) 0.87 (.01 ) 0.90 (.01 ) 0.90 (.01 ) 0.93 (.01) . 0.94 (.0 I) I 0.96 (.Ol) 0.97 (.01 ) 0.98 
i 4: [TBH +] • I 0.88 (.01 ) 0.89 (.01) ! 0.92 (.01 ) 0.92 ( .01) I 0.94 (.0 I) , 0.95 (.01) : 0.97 (.01) , 0.98 (.01 ) 0.98 

: 

(.06) 
( .06) 

( .06) 
(.06) 
(.06) 
( .08) 
( .05) 

( .02) 
(.04) 
( .02) 
( .03) 
(.01 ) 
( .17) 

(.03) 
(.02) 
( .12) 
( .12) 
(.05) 

( .06) 
( .08) 

(.01 ) 
(.01) i 
(.01 ) 
(.01) : 

J 



Table 9: 

0'\ 
>-' 

Efficiency of abundance indices in detecting changes in krill biomass: 

blank 
+/ 
* 
* * 

100 simulations detect no change significant at 5% level 
direction of change if difference significant at 5% level detected 
index (or its inverse) drops by > 20% 
index (or its inverse) drops by > 45% (within 95% limits) 

This table corresponds to Table Sa for the "One elongated (f=8) swarm per haul" case, except that concentration searching 
efficiency has been increased 7.5 times. 

INDEX Ne x 0.5 N x 0.5 Le x 1/12' De x 0.5 r x I/If' ~ x 0.5 
e+ P.S. 

+++ -" A.I: TC+++ - + -"" 
21 TH -* - + -' 

B. I: TFISHT+++ -* - -
2: TPST -* +* +' + 
3: TPST + + TSST+ -* +* +' -
4: TCST +" +. 
5: TAST++ +' + + 

C.I: TC/TFIS~r+++ + -" 
2: C/FISHT + + 

_. 
3: TC/TPST _ .. -' -'" ! 
4: C/PST -* -' -" 
5: TC/(TPSr+TSST)+ -* -' -" 
6: TC/TCST -** * • -'. 

, 
0.1: TC/TFISHT/PST 

! 
-'* -' _e. 

2: TC/TFISHT/(PST+SST)+ -' - _ .. 
3: TC/TFISHT/PST/EST _e. -'* - _ .. 
4: TC/TFISHT/(PST~ST)/CST+ _e. -* _ .. 
5: TC/TFISHT/TAST -* - + _ .. 

LI: THC+ -* + - I +' 
2: TH/TNC+ _. I 

-" + I 
-+++ I 

F.I: C/H +++ + I -
I 2: FISHr -

I 
+ - +' 

3: TOWr++ - + - +" 
4: TBH - + +" 

1 



Rj 
Table 10: A consolidated version of Table 4 for the six abundance indices selected for detailed comparison in section 3.6. Only the point 

estimates of the percentage difference from the estimated base case mean are given for the six alternative krill distribution 
scenarios (each corresponding to a 50% overall biomass drop). The first figure shown corresponds to the "One elongated 
(f=8) swarm per haul" and the second figure to the "More than one swarm per haul" model modification. 

INDEX Ne x 0.5 N x 0.5 
e+ P.S. 

Le x I/l'l' De x 0.5 r x I/I'I' oS x 0.5 

A.I: TC+++ -40; -41 + I; +25 -16; -10 -17; -62 + 91 -51 -601 -64 

C.I: TC/TFISHT+++ - B; + 0 - 2; - 0 - 4; + 0 - 01 -35 +15; -26 -421 -3B 
3: TC/TPST - I; + 3 + 5; + 3 + I; + 5 -431 -51 -33; -30 -45; -36 

0.1: TC/TFISHT/PST - 6; + 3 + 4 + 2 - I; + 4 -42; -63 -241 -44 -62; -55 
2: TC/TfISHT/(PST+SST)+ - 3; - 0 + I - 2 - 21 - 2 -30; -42 -Ill -26 -52; -34 

3: TC/TfISHT/PST/CST -57; -45 + 3 +85 -17; -11 -49; -76 - 8; -62 -771 -72 



Table 11: 

I 

Estimates of the percentage decrease in abundance indices incorporation PST 
for a 50% overall krill biomass drop are compared with and without random 
error (see text - section 3.6) in the allocation of within concentration search 
time between PST and SST. The comparisons are shown for the biomass drop 
due to falls in each of Dc, rand 8, and are for the "One elongated (f=8) swarm 
per haul" case. 

Dc x 0.5 r x 1/12' 11 x 0.5 

INDEX No error Error No error Error No error Error 

6.2: TPST . +44 +32 +63 +55 -27 -27 
3: TPST+TSST+ +18 + 5 +39 +32 -44 -43 

!Dlfference! 26 27 24 23 17 16 

C.3: TC/TPST -43 -44 -33 -32 -45 -44 
5: TC/(TPST+TSST)+ -31 -31 -22 -21 -29 -29 

!Dlfference! 12 13 11 11 16 15 

0.1: TC/TFISHT/PST -42 -47 -24 -23 -62 -61 
2: C/TF1SHT/(PST+SST)+ -30 -34 -11 -11 -52 -51 

!Dlfferencel 12 13 13 12 10 10 

i 0.3: TC/TFISHT/PST/CST 
: 4: TC/IT I SHT 1 (PSHSST) /CST+ 

-49 -61 - 8 -10 -77 -76 
-39 -51 + 5 + 4 -71 -69 

!Dlfference! 10 10 13 14 6 7 
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SE I DIS I RIBUTION PARAME I ER VALUES I 

t 
GENERATE KRILL CONCENTRATION FIELD 

+ 
FIX PERIODS OF BAD WEATHER I 

t 
VESSEL STEAMS FROM INIIIAL 

POINT TOWARDS ICE -EDGE 
BAD WEAl HER k-OCCURS 

+ t 
ADD 1/2/3 DAYS YES IS A CONCENTRATION FOUND 

" MOVE VESSEL 
EN ROUTE? 50 N.M. 

NO + 
~SEARCH FOR NEW CONCEN I RATION 

, + 
.' 

I CONCENTRATION FOUND I 
\ + CATCH RATE 

GENERATE SWARM FIELD WITHIN TOO LOW ..... 
'" CONCENTRATION 

+-
FISH SWARMS IN CONCENTRATION r ... 

./ 

+ 
) lNEED TO RETURN TO OFFLOAOI 

+ 
IENDI 

Figure 1: A flow diagram of the basic structure of the simulation model. 
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~ .. ------- 600 n.mi. .. 

S5 Least preferred habitat 150 n.mi. 

5" 
150 n.mi. 

600 n.mi. 

Figure 2: 
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S3 150 n.mi. 

S2 75 n.mi. 

S1 Most preferred habitat 75 n.mi. 

The stratified habitat chosen for the krill distribution model in a 600 n mile 
square sector of the Southern Ocean. 

N 

I 
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600 N 

0 0 t 
s 500 0 0 

0 0 
,.-... 0 0 

• 400 .-
E 

0 • c 0 
"-" 300 

0 0 
Q) 0 0 
0 0 c 0 c 200 -+- 0 (I) .- 0 Cl 

0 
100 0 

0 
0 

0 

0 0 0 0 

00 100 200 300 400 500 600 

Distance (n.mi.) 

Figure 3: An example of the distribution of krill concentrations in the 600 n mile 
square Southern Ocean sector chosen, which has been generated as described in 
section 2.3. The radii of the concentrations are to scale. The arrowed lines 
indicate the concentrations fished sequentially during a half-month period. 
The dotted line represents movement during a period of bad weather (see 
section 2.4). 

67 



>­
..0 

C 
o .-

-+-o 
ID 

-+-
ID 

"U 
'--" 
..0 
o 
L 

0.. 

Figure 4: 

68 

Exhaustive sea'rch: Prob = min[1,Wst/A] 

"Random search: Prob = 1 - e-W.t/A 

Search time, t 

Detection probability as a function of time for the exhaustive, search and 
random search models. 
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Figure 5: 

Nautical miles 

An example of the distribution of fishable swarms in a concentration, 
generated as described in section 2.7. The radii of the swarms are NOT to 
scale. This example corresponds to the "One elongated (f=8) swarm per haul" 
model modification, with the symbol for each fishable swarm placed at the 
centre point chosen for that swarm prior to elongation. The arrowed lines 
reflect the sequential towing of swarms in the concentration by a fishing 
vessel. Note that only the initial swarms are towed, even though these lines 
may intersect the symbols for other swarms. The full lines represent the 
length and direction of each haul (to scale), while the dashed lines indicate net 
movement in searching for the following swarm to tow. 
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FIgure 6: ContInuIng a haul through more than one swarm 
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o 
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1000 2000 

• • • cl' 
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o • 0 0 End 0 haul 

• 

o 0 0 / haul 0 dlstanco 

3000 4000 5000 
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o 
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6000 
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o 

7000 

Figure 6: An example of a single haul for the model modification where more than one swarm may be towed per haul (see sections 2.8 and 
3.3). The swarms shown are to scale. While the initial swarm towed is a "fishable" swarm in terms of criterion (20), .all 
swarms in the area to the right of this original swarm are shown. The dashed lines to the right of the initial swarm define the 
"sonar band"; swarms intersecting this band are also fished until the haul is ended because (in this example) the Captain 
estimates the catch has reached 10 tonnes. 



Figure 7: Plots of abundance indices as a function of ex (the proportion of the base case 
level to which the krill biomass has been reduced), where biomass reduction 
occurs as a result of a random combination of decreases in the distribution 
parameters Ne, Le, Dc, rand o. The abundance indices have been normalised to 
their estimated base case mean levels. The error bars shown represent 
estimates of the central 68% of the distribution of the index in question for a 
vessel-half-month, while the symbol is the estimate of the distribution mean, 
for each particular value of ex. A formula is shown for the curve fitted to the 
relationship between the index and a by the method described in section 3.5. 
Plots a) and b) are for the "One elongated (f=8) swarm per haul" and "More 
than one swarm per haul" model modifications respectively, and correspond to 
the indices : 

(i) TC 
(ii) TC/TFISHT 
(iii) TC/TPST 

(i v) TC/TFISHT/PST +SST 

(v) TC/TFISHT/(PST +SST) 

(vi) TC/TFISHT/PST/CST 
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Figure 8: Plots of (i) total half-monthly catch (TC) and (ii) number of concentrations 
fished (TNC) against the minimum catch rate per overall elapsed time (CRmin) 
required to be achieved for a vessel not to leave a concentration. The plots are 
for the base case krill distribution and the "One elongated (f=8) swarm per 
haul model modification. The error bars indicate one standard deviation. 
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Figure 9: Plots of abundance indices against a. as in Figure 7, except that the overall 
biomass decline is the result of a change in krill swarm surface density 0 only. 
The plots are for the "One elongated (f=8) swarm per haul" model 
modification, and correspond to the indices: 

(i) TC 
(ii) TC/TFISHT 
(iii) TC/TPST 
(iv) TC/(TPST + TSST) 

(v) TCITFISHT/PST +SST 

(vi) TC/TFISHT/PST/CST 
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Tableau 1 

Tableau 2 

Tableau 3 

Tableau 4 

Tableau 5 

Tableau 6 

Legendes des tableaux 

Statistiques de synthese d'un echantillon de donnees recueillies par un 
chalutier industriel de krill japonais. Un nombre suivi par un autre entre 
parentheses correspond a une moyenne (ecart-type), sauf indication 
contraire ou lorsqu'une seule statistique est en jeu. 

Valeurs des parametres d'operations de peche pour differentes 
modifications de modele. Lorsqu'une valeur d'un parametre "partiellement 
affine" est mise entre parentheses carrees, la valeur n'a pas ete ajustee 
pour cette modification, mais egalisee a la valeur ajustee pour une 
modification connexe. 

Comparaison de statistiques pour la pecherie commerciale japonaise de 
krill etablies a partir de I'echantillon de donnees regues et d'autres 
sources, avec les resultats du modele de simulation du cas de base. Les 
resultats du modele de simulation refletent la moyenne sur 100 cas. (N B: 
Toutes les statistiques ont trait a une periode d'un demi-mois.) Les 
chiffres entre parentheses sont les coefficients de variation sauf les 
pourcentages de bilan temporel qui sont les ecarts-types. 

Comparaison des indices d'abondance pour I'experience du modele de 
simulation du cas de base avec ceux de six autres scenarios de repartition 
du krill, correspondant chacun a une baisse totale de 50% de la biomasse. 
Pour le cas de base, la moyenne sur les 100 simulations est representee 
avec I'erreur standard de cette moyenne entre parentheses. Pour les aut res 
scenarios, la difference de pourcentage du cas de base moyen est donnee 
entre parentheses, avec I'erreur standard. (Les unites, le cas echeant, sont 
en combinaisons tonne-heure.) 

(a) Un Essaim Allonge (f=8) Par Trait 

(b) Plus d'Un Essaim Par Trait 

Efficacite des indices d'abondance a detecter les changements de la biomasse 
de krill: 

blanc: 

+ / -
* 
* * 

100 simulations ne detectent pas de changement significatif a un 
intervalle de confiance de 5% 
significative a un intervalle de confiance de 5% 
indice (ou son inverse) baisse de > 20% 
indice (ou son inverse) baisse de > 45% (dans des limites de 
95%) 

(a) Un Essaim Allonge (f=8) Par Trait 

. (b) Plus d'Un Essaim Par Trait 

Statistiques comparatives complementaires de 100 experiences de modeles 
de simulation pour le cas de base et pour six autres scenarios 
correspondant chacun a une baisse totale de 50% de la biomasse. Le format 
est le meme que celui du tableau 4 mais les valeurs entre parentheses pour 
le cas de base sont les ecarts-types (et non pas les erreurs standard de la 
moyenne.) 
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Tableau 7 

Tableau 8 

Tableau 9 

Tableau 10 

Tableau 11 
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(a) Un Essaim Allonge (f=8) Par Trait 

(b) Plus d'Un Essaim Par Trait 

Statistiques comparatives supplementaires des experiences de modeles de 
simulation pour le cas de base et six autres scenarios correspondant chacun 
a une baisse totale de 50% de la biomasse. Les valeurs donnees sont des 
moyennes sur 100 experiences, avec les erreurs standard de ces moyennes 
donnees entre parentheses. 

(a) Un essaimallonge (f=8) par trait 

(b) Plus d'un essaim par trait 

Indices d'abondance comme proportion de leurs valeurs pour I'experience 
de modele de simulation du cas de base quand la biomasse totale de krill est 
reduite a une fraction a de son niveau du cas de base par une combinaison 
au hasard de changements en Ne, Le, Dc,r et o. Les resultats se rapportent 
aux moyennes sur 100 simulations dans chaque cas. 11 faut noter que 
quelques uns des indices mentionnes sont les inverses de ceux indiques sur 
les tableaux 4 et 5; I'inverse a ete utilise si necessaire, pour faire de 
I'indice une fonction croissante de a - ces cas sont indiques par un *. 

(a) Un Essaim Allonge (f=8) Par Trait 

(b) Plus d'Un Essaim Par Trait 

Efficacite des indices d'abondance a detecter les changements de la biomasse 
de krill: 

blanc: 

+/-

* 
* * 

100 simulations ne detectent pas de changement significatif a un 
intervalle de confiance de 5% 
direction de changement en cas de detection d'une difference 
significative a un intervalle de confiance de 5% 
indice (ou son inverse) baisse de > 20% 
indice (ou son inverse) baisse de > 45% (dans des limites de 

95%) 

Une version consolidee du Tableau 4 pour les six indices d'abondance 
selectionnes pour une comparaison detaillee dans la section 3.6. Seules les 
estimations ponctuelles de difference de pourcentage par rapport a la 
moyenne estimee du cas de base sont donnees pour les six autres scenarios 
de repartition du krill (correspond ant chacun a une baisse totale de 50% de 
labiomasse). Le premier chiffre indique correspond a "Un essaim 
allonge(f=8)-par-trait" et le second chiffre a la modification du modele 
"Plus d'un essaim-par-trait". 

Des estimations de la baisse du pourcentage des indicesd'abondance 
incorporant le temps de recherche primaire(PST)pour une baisse totale de 
50% de la biomasse de krill sont comparees avec et sans erreur aleatoire 
(voir texte - section 3.6) dans I'allocation du temps de recherche de 
concentrations entre temps de recherche primaire et secondaire (PST et 
SST). Les comparaisons sont indiquees pour la baisse de la biomasse dOe a 
des baisses en Dc, r et 0 respectivement, et sont pour le cas dlllUn essaim 
(f=8)allonge-par-trait". 



Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Legendes des figures 

Organigramme de la structure de base du mode le de simulation. 

L'habitat stratifie choisi pour le mode le de repartition du krill dans un 
secteur de 600 milles nautiques carres de I'ocean Austral. 

Un exemple de la repartition des concentrations de krill dans le secteur 
choisi de I'ocean Austral de 600 milles nautiques carres qui a ete engendre 
selon la description de la section 2.3. Les rayons de concentrations sont 
representes a I'echelle. Les Iignes flechees indiquent les concentrations 
pechees sequentiellement pendant une periode d'un demi-mois. La Iigne 
pointillee represente le mouvement pendant une periode de mauvais temps 
(voir sectione.4). 

Probabilite de detection comme fonction de temps pour la recherche 
approfondie et les modeles de recherche au hasard. 

Un exemple de la repartition d'essaims pechables dans une concentration 
engendree selon la description de la section 2.7. Les rayons d'essaims ne 
sont PAS representes a I'echelle. Cet exemple correspond a la modification 
du modele "Un essaim allonge (f=8) par trait", avec le symbole, pour 
chaque essaim pechable, place au point central choisi pour cet essaim avant 
I'elongation. Les Iignes flechees refletent le chalutage sequentiel de bancs 
dans la concentration par un navire de peche. 11 faut noter que seuls les 
bancs initiaux sont chalutes, bien que ces lignes puissent entrecouper les 
symboles d'autres bancs. Les lignes continues representent la longueur et 
la direction de chaque trait (a l'echelJe), tandis que les lignes en tirets 
indiquent le mouvement net de recherche du prochain essaim a chaluter. 

Un exemple d'un seul trait pour la modification du modele lorsque plus d'un 
essaim pe ut etre chalute par trait (voir sections 2.8 et 3.3). Les bancs 
representes sont a l'echelJe. Tandis que le premier banc chalute est un banc 
"pechable" en termes de critere (20), 1Q..u.s. les bancs dans la zone a la 
droite de ce banc d'origine sont representes. Les lignes en tirets a la droite 
de I'essaim initial delimitent la "bande de sonar"; les essaims intersectant 
cette bande sont aussi peches jusqu'a ce que le trait soit termine parce que 
(dans cet exemple) le Capitaine estime que la capture a atteint 10 tonnes. 

Courbes des indices d'abondance comme fonction d' a (la proportion du 
niveau du cas de base auquel la biomasse de krill a ete reduite), oll la 
reduction de la biomasse se produit par suite d'une combinaison au hasard 
de baisse dans les parametres de distribution Ne, Lc, Dc, r et o. Les indices 
d'abondance ont ete normalises a leurs niveaux moyens estimes pour le cas 
de base. Les barres d'erreur representent les estimations des 68% 
centraux de la distribution de I'indice en question pour un navire par 
demi-mois, tandis que le symbole est I'estimation de la moyenne de 
distribution pour chaque valeur particuliere de a.. Une formule est 
presentee pour la courbe ayant trait a la relation entre I'indice et a par la 
methode decrite dans la section 3.5. Les courbes a) et b) se rapportent 
respectivement aux modifications du mode le "Un essaim allonge (f=8) par 
trait" et "Plus d'un essaim par trait" et correspondent aux indices: 
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Figure 8 

Figure 9 

Ta6JIlilla 1 

Ta6JIlilla 2 

100 

(i) TC 
(ii) TC/FI8HT 
(iii) TC/TP8T 

(i v) TC/TFI8HT/P8T +88T 

( v) TC/TFI8HT/(PST +SST) 

( vi) TC/TFISHT IPST ICST 

Courbes de (i) capture totale par demi-mois (TC) et (ii) nombre de 
concentrations pechees (TNC) par le taux de capture minimum par temps 
total ecoule (CRmin) requis pour qu'un navire n'abandonne pas une 
concentration. Les courbes ont trait a la repartition du krill du cas de base 
et a la modification du modele "Un essaim allonge (f=8) par trait". Les 
barres d'erreur indiquent un ecart-type. 

Courbes des indices d'abondance par ex sur la figure 7, sauf que le declin de 
la biomasse totale provient uniquement d'un changement de la densite 0 de 
surface d'un banc de krill. Les courbes sont celles de la modification du 
modele "Un essaim allonge (f=8) par trait", et correspondent aux indices: 

(i) TC 
(ii) TC/FISHT 
(iii) TC/TPST 
(i v) TC/(TPST + TSST) 

(v) TC/TFISHT/P8T +SST 

(vi) TC/TFISHT/PST/CST 

3arOJIOBKIi K Ta6JIIiu;aM 

CBo,aKa 1i36paHHhlx CTaTIiCTIi1.JeCKIiX ,aaHHhlx, nOJIY1.JeHHhIX C 
RnOHCKoro KOMMep1.JeCKOrO KpliJIeBOrO TpaYJIepa. Uli~pa C 
nOCJIe,aYIOIIJ;e:H: B cKo6Kax ,aPyrO:H: U;1i~pO:H: cOOTBeTcTByeT cpe,aHeMY 
1.JIiCJIY (cpe,aHeMY KBa,apaTIi1.JeCKOMY OTKJIOHeHIiIO), 3a IiCKJIlOqeHlieM 

Tex npliMepoB, r,ae llli~PhI CTORT B ,apyroM nopR,aKe, IiJIIi r,ae 
npliBe,aeH TOJIhKO O,aIiH nOKa3aTeJIh. 

3HaqeHliR napaMeTpoB npOMhICJIOBO:H: onepaU;1i1i ,aJIR pa3JIliqHhIX 
Mo,aIi~IiKaU;li:H: Mo,aeJIIi. TaM, r,ae 3HaqeHlie qaCTliqHO 
"npIiBe,aeHHoro B cooTBeTcTBlie" napaMeTpa nOKa3aHO B 
KBa,apaTHhlx cKo6Kax, 03HaqaeT, qTO 3HaqeHlie He 6hIJIO npliBe,aeHO 
B COOTBeTCTBlie ,aJIR ,aaHHO:H: Mo,aIi~IiKaU;lili, a 6hIJIO OCTaBJIeHO 
paBHhIM npIiBe,aeHHO:H: B COOTBeTCTBlie BeJIliqliHe ,aJIR coce,aHe:H: 
Mo,aIi~IiKaU;1i1i. 

CpaBHeHlie CTaTIiCTliqeCKIiX pe3YJIhTaTOB, KaCalOIIJ;IiXCR RnOHCKoro 
KOMMepqeCKOrO npOMhICJIa KPIiJIR, nOJIyqeHHhIX 1i3 BhI60PKIi 
,aaHHhIX .Ii ,apyrlix IiCTOqHIiKOB, C BhIXO,aHhIMIi ,aaHHhIMIi 
IiMIiTaU;IiOHHO:H: Mo,aeJIIi ,aJIR 6a3liCHOrO BapliaHTa. Pe3YJIhTaThI 
IiMIiTaU;IiOHHO:H: Mo,aeJIIi OTpa)l(alOT cpe,aHIOIO BeJIliqIiHY, 
nOJIyqeHHYIO 3a 100 nporoHoB Mo,aeJIIi. CTIpliMeqaHlie: BCR 
CTaTIiCTIiKa OTHOCIiTCR K neplio,ay nOJIYMecRu;a.) UIi~PhI B cKo6Kax 



TaoJull~a4 

TaoJulu;a 5 

TaoJulu;a 6 

TaoJUlu;a 7 

.SIBJI.SIIOTC.SI K03«P«PHU;HeHTaMH BapHaU;HH, 3a HCKJIlOqeHHeM 
npou;eHTHblx BeJIHqHH 3aTpaqeHHOrO BpeMeHH, r,ae OHH 
cooTBeTcTBYIOT cpe,aHeMY KBa,apaTHqeCKoMY OTKJIOHeHHIO. 

CpaBHeHHe HH,aeKCOB qHCJIeHHOCTH ,aJI.SI HMHTaU;HoHHoH Mo,aeJIH 
oa3HcHoro BapHaHTa C HH,aeKcaMH qHCJIeHHOCTH, nOJIyqeHHbIMH H3 
IIIeCTH pa3JIHqHbIX KOMOHHaU;H:H napaMeTpoB pacnpe,aeJIeHH.SI KPHJI.SI, 
Ka)l(,aa.Sl H3 KOTOPbIX cooTBeTcTByeT oow;eMY YMeHbIIIeHHIO OHOMaCCbI 
Ha 50%'. ,llJI.SI oa3HcHoro BapHaHTa ,aaeTC.SI cpe,aH.SI.SI BeJIHqHHa, 
nOJIyqeHHa.Sl B pe3YJIbTaTe 100 nporoHoB Mo,aeJIH, B cKooKax 
YKa3aHa cpe,aH.SI.SI KBa,apaTHqeCKa.Sl oIIIHoKa 3TOH cpe,aHeH BeJIHqHHbI. 
,llJI.SI pa3JIHqHbIX KOMOHHaU;H:H napaMeTpoB pacnpe,aeJIeHH.SI KPHJI.SI 
,aaeTC.SI npou;eHTHa.Sl pa3HHu;a no OTHOIIIeHHIO K cpe,aHeH BeJIHqHHe 
oa3HcHoro BapHaHTa, B cKooKax YKa3aHa cpe,aH.SI.SI KBa,apaTHqeCKa.Sl 
oIIIHoKa 3TOH npou;eHTHoH pa3HHU;bI. (E,aHHHU;bI B cOTBeTcTBYIO:W;HX 
MeCTax Bblpa)l(eHbI B TOHHax/qac.). 

(a) O,aHO y,aJIHHeHHOe (f=8) CKOnJIeHHe 3a O,aHO TpaJIeHHe. 

(b) OOJIbIIIe o,aHoro CKOnJIeHH.SI 3a O,aHO TpaJIeHHe. 

TIoKa3aTeJIb 3«p«peKTHBHoCTH HH,aeKCOB qHCJIeHHOCTH npH 
OOHapY)I(eHHH H3MeHeHHH B oHoMacce KPHJI.SI: 

nYCToe MeCTO 

+/-

* 

** 

3a 100 nporoHoB Mo,aeJIH HHKaKHX CTaTHCTHqeCKH 
3HaqHMbIX H3MeHeHHH He OOHapY)I(eHO npH 5%' 
ypOBHe 
HanpaBJIeHHe H3MeHeHHH, Kor,aa CTaTHCTHqeCKH 
3HaqHMOe pa3JIHqHe OOHapY)I(eHO npH 5%' ypOBHe 
HH,aeKC (HJIH oOpaTHa.Sl BeJIHqHHa HH,aeKCa) 
CHH)I(aeTC.SI Ha > 20 %' 
HH,aeKC (HJIH oOpaTHa.Sl BeJIHqHHa HH,aeKCa) 
CHH)I(aeTC.SI Ha> 45%' ( B npe,aeJIax 95%') 

(a) O,aHO y,aJIHHeHHOe (f=8) CKOnJIeHHe 3a O,aHO TpaJIeHHe. 

(b) OOJIbIIIe o,aHoro CKOnJIeHH.SI 3a O,aHO TpaJIeHHe. 

,llonOJIHHTeJIbHa.Sl cpaBHHTeJIbHa.Sl CTaTHCTHKa no 100 nporoHaM 
HMHTaU;HoHHoH Mo,aeJIH ,aJI.SI oa3HcHoro BapHaHTa H ,aJI.SI IIIeCTH 
pa3JIHqHbIX KOMoHHaU;HH napaMeTpoB, cooTBeTcTYIOW;HX oow;eMY 
YMeHbIIIeHHIO OHOMaCCbI Ha 50%'. 0003HaqeHH.SI Te )l(e, qTO H B 
TaOJIHu;e 4 KpOMe Toro, qTO U;H «pp bI B CKOOKax ,aJI.SI oa3HCHoro 
BapHaHTa .SIBJI.SIIOTC.SI cpe,aHHMH KBa,apaTHqeCKHMH OTKJIOHeHH.SIMH (a 
He cpe,aHHMH KBa,apaTHqeCKHMH OIIIHOKaMH cpe,aHeH BeJIHqHHbI). 

(a) O,aHO y,aJIHHeHHOe (f=8) CKOnJIeHHe 3a O,aHO TpaJIeHHe. 

(b) OOJIbIIIe o,aHoro CKOnJIeHH.SI 3a O,aHO TpaJIeHHe. 

,llonOJIHHTeJIbHa.Sl cpaBHHTeJIbHa.Sl CTaTHCTHKa no nporoHaM 
HMHTaU;HoHHoH Mo,aeJIH ,aJI.SI oa3HcHoro BapHaHTa H ,aJI.SI IIIeCTH 
pa3JIHqHbIX KOMoHHaU;HH napaMeTpoB, cooTBeTcTBYIOW;HX oo:w;eMY 
YMeHbIIIeHHIO OHOMaCCbI Ha 50%'. ,llaHHble 3HaqeHH.SI .SIBJI.SIIOTC.SI 
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Cpe,l{HMMM qMCJIaMM, nOJIyqeHHbIMM 3a 100 nporoHoB MO,l{eJIM, B 
cKooKax YKa3aHbI cpe,l{HMe KBa,l{paTMqeCKMe oIlmoKM 3TMX 3HaqeHMit 

(a) O,l{HO Y,l{JIMHeHHOe (f=8) CKOnJIeHMe 3a O,l{HO TpaJIeHMe. 

(b) BOJIbWe O,l{HOrO CKOnJIeHM.R 3a O,l{HO TpaJIeHMe. 

I1H,l{eKCbI qMCJIeHHOCTM, Bblpa)l(eHHble B npolleHTHoM OTHoweHMM K 
MX BeJIMqMHaM, ,l{JI.R nporoHa MMMTallMoHHoH MO,l{eJIM oa3McHoro 
BapMaHTa, KOr,l{a OOma.R oMoMacca KPMJI.R YMeHbWaeTC.R ,l{O ,l{OJIM ex 
OT ee oa3McHoro ypOBH.R BCJIe,l{CTBMe CJIyqaHHOrO COqeTaHM.R 

M3MeHeHMH B Ne' Le. Dc, r M O. B Ka)l(,l{OM CJIyqae pe3YJIbTaTbI 

OTHOC.RTC.R K cpe,l{HMM qMCJIaM, nOJIyqeHHbIM 3a 100 nporOHoB 

MMMTallMoHHoH MO,l{eJIM. UmpPbI B cKooKax .RBJI.RIOTC.R Cpe,l{HMMM 
KBa,l{paTMqeCKMMM oWMoKaMM nO,l{CqMTaHHbIX Cpe,l{HMX BeJIMqMH. 

OopaTMTe BHMMaHMe, qTO HeKoTopble M3 HM)l(eCJIe,l{YIOW;Mx MH,l{eKCOB 
.RBJI.RIOTC.R oopaTHbIMM BeJIMqMHaMM MH,l{eKCOB, YKa3aHHbIX B 
TaOJIMllaX 4 M 5; KOr,l{a HeOOXO,l{MMO npeBpamaTb MH,l{eKC B 
B03pacTalOmylO IPYHKIlMIO ex ,l{aeTC.R ero oOpaTHa.R BeJIMqMHa, TaKMe 
npMMepbI OTMeqeHbI 3HaqKOM *. 

(a) O,l{HO y,l{JIMHeHHOe (f=8) CKOnJIeHMe 3a O,l{HO TpaJIeHMe. 

(b) OOJIbWe O,l{HOrO CKOnJIeHM.R 3a O,l{HO TpaJIeHMe. 

nOKa3aTeJIb 31PIPeKTMBHoCTM MH,l{eKCOB qMCJIeHHOCTM B 

oOHapY)l(eHMM M3MeHeHM.R oMoMaccbI KPMJI.R: 

nYCToe MeCTO : 

+/-

* 

** 

3a 100 nporoHoB MO,l{eJIM HMKaKMX CTaTMCTMqeCKM 
3HaqMMbIX M3MeHeHHH He OOHapY)l(eHO npH 5%' 
ypOBHe 
HanpaBJIeHHeM3MeHeHHH, KOr,l{a CTaTHCTMqeCKM 
3HaqMMOe pa3JIHqHe OOHapY)l(eHO npH 5%' ypOBHe 
MH,l{eKC (HJIM oOpaTHa.R BeJIHqHHa HH,l{eKca) 

CHM)l(aeTC.R Ha > 20 %' 
HH,l{eKC (HJIH oOpaTHa.R BeJIHqHHa HH,l{eKca) 
CHH)l(aeTC.R Ha > 45%' ( B npe,l{eJIax 95%') 

3Ta TaOJIHlla COOTBeTcTByeT TaOJIMlle Sa ("O,l{HO Y,l{JIHHeHHOe (f=8) 
CKOnJIeHHe 3a O,l{HO TpaJIeHHe"), 3a MCKJIlOqeHHeM Toro, qTO 

31PIPeKTHBHOCTb KOHlleHTpHpOBaHHoro nOMCKa YBeJIMqeHa B 7.5 pa3. 

OooomeHHbIH BapHaHT TaOJIHllbI 4 ,l{JI.R weCTH HH,l{eKCOB 
qHCJIeHHOCTH, BblopaHHblx ,l{JI.R nO,l{pOOHOro cpaBHeHH.R B pa3,l{eJIe 

3.6. .llJI.R weCTH pa3JIHqHbIX KOMoHHallHH napaMeTpoB 
pacnpe,l{eJIeHM.R KPMJI.R (Ka)l(,l{a.R TaKa.R KOMOMHallM.R COOTBeTcTByeT 
oow;eMY YMeHbweHHIO OHOMaCCbI Ha 50%') ,l{aeTC.R TOJIbKO OlleHKa 
npolleHTHoro pa3JIHqH.R OT,l{eJIbHhlX pe3YJIbTaTOB oa3HcHoro 
BapHaHTa nepBa.R llHlPpa cooTBeTcTByeT MO,l{HIPHKaIlMM MO,l{eJIH 
"0 ,l{HO y,l{JIHHeHHOe (f=8) CKOnJIeHHe 3a O,l{HO TpaJIeHHe", BTOpa.R 
llHlPpa - "00JIbWe O,l{HOrO CKOnJIeHH.R 3a O,l{HO TpaJIeHMe". 

CpaBHeHMe OlleHOK npolleHTHoro CHH)l(eHH.R HH,l{eKCOB 

qHCJIeHHOCTH (c OWHOKOH CJIyqaHHOrO Bbloopa H oe3 Hee), 

BKJIlOqalOW;MX nepBHqHOe BpeM.R nOHCKa (PST), cooTBeTcTBYIOw;ee 
50%' CHM)l(eHHIO oHoMaccbI KPMJI.R npH pacnpe,l{eJIeHHH B npe,l{eJIax 



PMCYHOK 1 

PMCYHOK2 

PMCYHOK 3 

PMYHOK 4 

PMCYHOK5 

PMYHOK 6 

PMCYHOK 7 

BpeMeHM nOMCKa KOHlleHTpallMM OT nepBMqHOrO BpeMeHM nOMCKa 
(PST) ,l{O BTOpMqHOrO BpeMeHM nOMCKa (SST>. CpaBHeHM.s:r KaCaIOTC.SI 

YMeHbWeHM.SI GMoMaccbI BCJIe,l{CTBMe nOHM)I(eHM.SI B Ka)l(,l{OM M3 Dc, r M 0 
M OTHOC.SITC.SI K CJIyqaIO "O,l{HO Y,l{JIMHeHHOe (f=8) CKOnJIeHMe 3a O,l{HO 

TpaJIeHMe". 

TIO,l{nMCM K pMCYHKaM 

CxeMa OCHOBHOH CTPYKTKPbI MMMTallMOHHOH MO,l{eJIM. 

CTpaTmpMllMpOBaHHbIH apeaJI oGMTaHM.SI KP MJI.SI , MCnOJIb30BaHHbIH 
,l{JI.SI MO,l{eJIM era pacnpe,l{eJIeHM.SI B yqaCTKe IO)I(HOrO OKeaHa 

nJIO~a,l{bIO 600 KBa,l{paTHblx MOPCKMX MMJIb. 

TIpMMep pacnpe,l{eJIeHM.SI KOHlleHTpallMH KPMJI.SI B BbIGpaHHoM 
KBa,l{paTHOM yqaCTKe IO)I(HOrO OKeaHa nJIO~a,l{bIO 600 KBa,l{paTHblx 

MOPCKMX MMJIb, paCCqMTaHHbIH KaK nOKa3aHO B pa3,l{eJIe 2.3. 
Pa,l{MycbI KOHlleHTpallMH nponoPllMOHaJIbHbI. flMHMM co CTpeJIKaMM 
nOKa3bIBaIOT KOHlleHTpallMM, nOCJIe,l{OBaTeJIbHO oGJIaBJIMBaeMble B 
TeqeHMe nOJIYTopa MeC.SIlleB.ToqeqHa.SI JIMHM.SI M30Gpa)l(aeT 

nepe.QBM)I(eHMe B nepMO,l{ nJIOXOH nOrO,l{bI ( CM. pa3,l{eJI 2.4). 

BepO.SITHOCTb oGHapY)I(eHM.SI KaK qJYHKllM.SI BpeMeHM ,l{JI.SI MO,l{eJIeH 

BceoGbeMJIIO~erO M CJIyqaHHOrO nOMCKa. 

TIpMMep pacnpe,l{eJIeHM.SI CKOnJIeHMH npOMbICJIOBOrO pa3Mepa B 
npe,l{eJIax KOHlleHTpallMM paCCqMTaH KaK onMcaHO B pa3,l{eJIe 2.7. 
Pa,l{Mychl CKOnJIeHMH HE nponoPllMOHaJIbHhl. 3TOT npMMep 
cooTBeTcTByeT MO,l{MqJMKallMM MO,l{eJIM "O,l{HO Y,l{JIMHeHHOe (f=8) 
CKOnJIeHMe 3a O,l{HO TpaJIeHMe", r,l{e oGo3HaqeHMe ,l{JI.SI Ka)l(,l{OrO 

npMrO,l{HOrO ,l{JI.SI npOMbICJIa CKOnJIeHM.SI HaXO,l{MTC.SI B lleHTpaJIbHOH 
TOqKe, BbIGpaHHoH ,l{JI.SI :noro CKOnJIeHM.SI ,l{O era Y,l{JIMHeHM.SI. 
flMHM.SIMM co CTpeJIKaMM.noKa3aHo nOCJIe,l{OBaTeJIbHOe TpaJIeHMe 
npOMbICJIOBbIM CY,l{HOM CKOnJIeHMH B npe,l{eJIax :nOH KOHlleHTpallMM. 
OGpaTMTe BHMMaHMe Ha TO. qTO, XOT.SI 3TM JIMHMM MorYT nepeceKaTb 
oGo3HaqeHM.SI ,l{JI.SI ,l{PyrMx CKOnJIeHHH. oGJIaBJIMBaIOTC.SI TOJIbKO 

MCXO,l{Hble CKOnJIeHM.SI. HenpepbIBHble JIMHMM oGo3HaqaIOT ,l{JIMHY M 
HanpaBJIeHMe Ka)l(,l{OrO TpaJIeHM.SI (npOnOPllMaJIbHO). a nYHKTMpHble 
JIMHMM M30Gpa)l(aIOT ,l{BM)I(eHMe ceTM B xO,l{e nOMCKa CJIe,l{YIOII(erO 

CKOnJIeHM.SI ,l{JI.SI JIOBa. 

TIpMMep OT,l{eJIbHOrO TpaJIeHM.SI ,l{JI.SI MO,l{MqJMKallMM MO,l{eJIM, r,l{e 
YJIOB MO)l(eT COCTaBMTb GOJIbWe O,l{HOrO CKOnJIeHM.SI 3a O,l{HO 

TpaJIeHMe (CM. pa3,l{eJI 2.8 M 3.3). ,llaHHble CKOnJIeHM.SI 
nponOPllMaJIbHbI. XOT.SI, B COOTBeTCTBMM C KpMTepMeM 20. TOJIbKO 
MCXO,l{HOe CKOnJIeHMe .SIBJI.SIeTC.SI "npMrO,l{HbIM ,l{JI.SI npOMbICJIa". 
nOKa3aHbI Bce CKOnJIeHM.SI. HaXO,l{.SI~MeC.SI B paHoHe HanpaBo OT 
3Toro MCXO,l{HOrO CKOnJIeHM.SI. TIYHKTMpHble JIMHMM HanpaBo OT 
MCXO,l{HOrO CKOnJIeHM.SI onpe,l{eJI.SIIOT "3BYKOBYIO nOJIocy"; 

CKOnJIeHM.SI. nepeceKaIO~Me 3TY nOJIocy TaK)I(e oGJIaBJIMBaIOTC.SI, TaK 
KaK (B 3TOM cJIyqae) KanMTaH olleHMBaeT YJIOB B 10 TOHH. 

rpaqJMKM MH,l{eKCOB qMCJIeHHOCTM KaK qJYHKllM.SI a(npOlleHTHa.SI 
BeJIMqMHa Ga30Boro ypOBH.SI, K KOTOPOMY CBe,l{eHa GMoMacca KPMJI.SI). 
r,l{e YMeHbweHMe GMoMaccbI .SIBJI.SIeTC.SI pe3Y JIbTaTOM CJIyqaHHOrO 
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PHCYHOK8 

PHCYHOK 9 

Tabla 1 
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COl.JeTaHH.H CHH)KeHHH napaMeTpoB pacnpe,aeJIeHH.H Ne, Le, Dc, rHO. 

I1H,aeKCbI l.JHCJIeHHOCTH ObIJIH npHBe,aeHbI K BbIl.JHCJIeHHbIM cpe,aHHM 
ypOBH.HM oa3HCHoro BapHaHTa. Pa3Mep YKa3aHHbIX Ha rpaqmKe 
CTaTHCTHl.JeCKHX omHOOK npe,aCTaBJI.HeT COOOH OI..\eHKH 
QeHTpaJIbHOH l.JaCTH pacnpe,aeJIeHH.H 68% ,aaHHoro HH,aeKca ,aJI.H 
cy,aHa B Tel.JeHHe nOJIYMeC.HQa, a 0003Hal.JeHHe .HBJI.HeTC.H oQeHKoH 
cpe,aHeH BeJIHl.JHHbI pacnpe,aeJIeHH.H ,aJI.H Ka)K,aoro OT ,aeJIbHOrO 
3Hal.JeHH.H ex. ,llaeTC.H $opMYJIa ,aJI.H KPHBOH, cKoppeKTHpoBaHHoH B 
OTHomeHHe CB.H3H Me)K,ay HH,aeKCOM H ex no MeTO,ay, onHcaHHoMY B 
pa3,aeJIe 3.5. rpa$HKH (a) H (b) COOTBeTCTBeHHO OTHOC.HTC.H K 
Mo,aH$HKaQH.HM Mo,aeJIH "O,aHO y,aJIHHeHHOe (f=8) CKOnJIeHHe 3a O,aHO 
TpaJIeHHe" H "OOJIbme o,aHoro CKOnJIeHH.H 3a O,aHO TpaJIeHHe", H 
cooTBeTcTBYIOT HH)KeCJIe,aYIOmHM HH,aeKcaM: 

(i) TC 
(ii) TcrrFISHT 
(ill) TcrrpST 

(iv) TC/TFISHTI PST +SST 

(v) TcrrFISHT/( PST +SST) 

(vi) TC/TFISHT/PST/CST 

rpa$HKH (i) oomero YJIOBa B Tel.JeHHe nOJIYMeC.HQa nc) H (ii) 
KOJIHl.JeCTBa OOJIaBJIHBaeMblx KOHQeHTpaQHH (TNC) no OTHomeHHIO K 
MHHHMaJIbHoMY K03$$HQHeHTY Y JIOBHCTOCTH Ha e,aHHHQY Oomero 
npOTeKmero BpeMeHH (KYMHH), KOTOPbIH Heooxo,aHMO ,aOCTHl.Jb ,aJI.H 

Toro, l.JTOObI Cy,aHO He OTnJIbIJIO OT KOHQeHTpaQHH. rpa$HKH 
KaCaIOTC.H pacnpe,aeJIeHH.H KPHJI.H oa3HCHoro BapHaHTa H 
Mo,aH$HKaQHH Mo,aeJIH "O,aHO y,aJIHHeHHOe (f=8) CKOnJIeHHe 3a O,aHO 
TpaJIeHHe". Pa3Mep YKa3aHHbIX Ha rpa$HKe CTaTHCTHl.JeCKHX omHOOK 
CBH,aeTeJIbCTByeT 00 O,aHOM cpe,aHeM KBa,apaTHl.JeCKOM OTKJIOHeHHH. 

rpa$HKH HH,aeKCOB l.JHCJIeHHOCTH no OTHomeHHIO K ex TaKHe )Ke, KaK 
Ha pHCYHKe 7, 3a HCKJIIOl.JeHHeM Toro, l.JTO Oomee YMeHbmeHHe 
OHOMaCCbI .HBJI.HeTC.H pe3YJIbTaTOM H3MeHeHH.H TOJIbKO B nJIOTHOCTH 
nOBepXHOCTHoro CJIO.H CKOnJIeHH.H KPHJI.H o. rpa$HKH KaCaIOTC.H 
Mo,aH$HKaQHH Mo,aeJIH "O,aHO y,aJIHHeHHOe (f=8) CKOnJIeHHe 3a O,aHO 
TpaJIeHHe", H COOTBeTCTBYIOT HH)KeCJIe,aYIOmHM HH,aeKcaM: 

(i) TC 
(ii) TcrrFISHT 
(ill) TcrrpST 

(iv) TC/TFISHTI PST +SST 

(v) TcrrFISHT/( PST +SST) 

(vi) TC/TFISHT/PST/CST 

Encabezamientos de las T ablas 

Resumen de las estadfsticas de una muestra de datos de un arrastrero 
comercial de krill japones. Un numero seguido de otro, entre parentesis, 



Tabla 2 

Tabla 3 

Tabla 4 

Tabla 5 

Tabla 6 

corresponde a un promedio (desviaci6n estandar), salvo indicaci6n 
contraria 0 donde una sola estadistica esta implicada. 

Valores de los parametros de operaciones de pesca para diferentes 
modificaciones del modelo. Donde el valor de un parametro "parcialmente 
ajustado" se indica en corchetes, el valor no fue ajustado para esta 
modificaci6n, pero igualado al valor ajustado para una modificaci6n 
relacionada. 

Comparaci6n de las estadisticas para la pesqueria comercial japonesa del 
krill a partir de una muestra de datos suministrada y de otras fuentes con 
los resultados del modelo de simulaci6n para el ca so de base. Los resultados 
del modelo de simulaci6n reflejan el promedio sobre 100 ejecuciones. (NB: 
Todas las estadisticas se aplican a un periodo de 15 dias). Los numeros 
entre paremtesis con coeficientes de variaciones, excepto los porcentajes 
del presupuesto temportal que son desviaciones estandar. 

Comparaci6n de los indices de abundancia para la ejecuci6n del modelo de 
simulaci6n del caso de base con aquellos de los seis escenarios alternativos 
de la distribuci6n del krill, correspondiendo cada uno a un descenso del 
50% del total de la biomasa. Para el caso de base, se indica el promedio 
sob re las 100 simulaciones, junto con el error estandar de este promedio 
entre parentesis. Para los escenarios alternativos, se da la diferencia del 
porcentaje del caso de base promedio, junto con el estandar de error de esta 
diferencia entre parentesis. (Las unidades, cuando corresponda, son 
combinaciones de toneladas-hora). 

(a) Un cardumen por lance alargado (f=8) 

(b) Mas de un cardumen por lance 

Eficiencia de los indices de abundancia para detectar cambios en la biomasa 
del krill: 

blanco : 

+ / -

* 
* * 

100 simulaciones no detectan un cambio importante al nivel del 
5% 
direcci6n de cambio si se detecta una diferencia importante al 
nivel del 5% 
indice (0 su invers~) baja un > 20% 
indice (0 su invers~) baja un > 45% (dentro de los limites del 
95%) 

(a) Un cardumen por lance (f=8) 

(b) Mas de un cardumen por lance 

Estadisticas comparativas adicionales de 100 ejecuciones del modelo de 
simulaci6n para el ca so de base y para seis escenarios alternativos, cada 
uno correspondiendo a un descenso del 50% del total de la biomasa. El 
formate es el mismo que el de la tabla 4 excepto que los valores entre 
parentesis para el caso de base son desviaciones estandar (D..Q. errores 
estandar del promedio). 

(a) Un cardumen por lance alargado (f=8) 

(b) Mas de un cardumen por lance 
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Tabla 7 

Tabla 8 

Tabla 9 

Tabla 10 

Tabla 11 
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Estadfsticas comparativas adicionales de las ejecuciones del modelo de 
simulaci6n para el caso de base y seis escenarios alternativos cada uno 
correspondiendo a un descenso del 50% de la biomasa total. Los valores 
dados son promedios sobre 100 ejecuciones, con los errores estandar de 
estos promedios dados entre parentesis. 

(a) Un cardumen por lance alargado (f=8) 

(b) Mas de un cardumen por lance 

Indices de abundancia como una proporci6n de sus valores para la ejecuci6n 
del caso de base del modelo de simulaci6n, cuando la biomasa total del krill 
disminuye a una fracci6n ex del nivel del caso de base a traves de una 
combinaci6n aleatoria de cambios en Ne, Le, De r y o. Los resultados se 
relacionan a los promedios sobre 100 simulaciones en cada caso. Las cifras 
entre parentesis son errores estandar de las proporciones estimadas. 
Observese que algunos de los indices en la lista son los inversos de los 
indicados en las Tablas 4 y 5; el inverso se ha tornado siempre que ha sido 
necesario para hacer del indice una funci6n creciente de ex - tales casos 
estan indicados con un *. 

(a) Un cardumen por lance alargado (f=8) 

(b) Mas de un cardumen por lance. 

Eficiencia de los indices de abundancia para detectar cambios en la biomasa 
del krill: 

blanco : 

+ / -

* 
* * 

100 simulaciones no detectan un cambio importante al nivel del 
5% 
direcci6n de cambio si se detecta una diferencia importante al 
nivel del 5% 
el indice (0 su invers~) desciende un > 20% 
el indice (0 su invers~) desciende un > 45% (dentro de los limites 
del 95%) 

Esta Tabla corresponde a la Tabla Sa del caso "Un cardumen alargado (f=8) 
por lance" excepto que la eficiencia de bOsqueda de la concentraci6n ha sido 
aumentada 7.5 veces. 

Una versi6n consolidada de la Tabla 4 para los seis indices de abundancia 
seleccionados para una comparaci6n detallada en la secci6n 3.6. S610 se dan 
las estimaciones de la diferencia del porcentaje del promedio del caso de 
base estimado para los seis escenarios alternativos de distribuci6n del krill 
(correspondiendo cada uno a un descenso del 50% del total de la biomasa). 
La primera cifra indicada corresponde a "Un cardumen-por-Iance" 
alargado (f=8) y la segunda cifra a la modificaci6n del modelo "Mas de un 
cardumen-por-Iance" . 

Se comparan estimaciones de la disminuci6n del porcentaje en los indices de 
abundancia que incorporan PST para un descenso del 50% del total de la 
biomasa del krill con y sin error aleatorio (ver texto -secci6n 3.6) en la 
adjudicaci6n de tiempo de bOsqueda entre PST y SST dentro de una 
concentraci6n. Las comparaciones se indican para el descenso de la biomasa 
debido a disminuciones en cada uno de De , r y 0, y son para el caso de "Un 
cardumen por lance" alargado (f=8). 



Figura 1 

Figura 2 

Figura 3 

Figura 4 

Figura 5 

Figura 6 

Figura 7 

Leyendas de las Figuras 

Un diagrama de flujo de la estructura basica del modelo de simulacion. 

Habitat estratificado seleccionado para el modelo de distribucion del krill 
en un sector de 600 millas nauticas cuadradas del Oceano Austral. 

Un ejemplo de la distribucion de las concentraciones de krill en el sector 
seleccionado del Oceano Austral de 600 millas nauticas cuadradas, el cual ha 
sido producido tal como se describe en la seccion 2.3. Los radios de las 
concentraciones estan a escala. Las flechas indican las concentraciones 
pescadas secuencialmente durante un perfodo de 15 dfas. La linea de puntos 
representa movimiento durante un perfodo de mal tiempo (ver seccion 
2.4). 

Probabilidad de deteccion como una funcion de tiempo para los modelos de 
busqueda exhaustiva y busqueda aleatoria. 

Un ejemplo de la distribucion de los carumenes explotables en una 
concentracion, producidos tal como se describe en la seccion 2.7. Los 
radios de los cardumenes NO estan a escala. Este ejemplo corresponde a la 
modificacion del modelo "Un cardumen por lance" alargado (f=8), con el 
sfmbolo para cada cardumen explotable situado en el punto central escogido 
para este cardumen antes del alargamiento. Las flechas reflejan el arrastre 
secuencial de los cardumenes en la concentracion por un buque de pesca. 
Observese que solo los cardumenes iniciales son arrastrados, aunque las 
Hneas pueden cruzar los sfmbolos para otros cardumenes. Las Ifneas 
solidas representan la longitud y direccion de cada lance (a escala), 
mientras las Hneas quebradas indican movimiento de las redes en la 
bUsqueda del cardumen que se arrastrara a continuacion. 

Un ejemplo de un solo lance para la modificacion del modelo donde mas de un 
cardumen puede ser arrastrado por lance (ver las secciones 2.8 y 3.3). 
Los cardumenes representados estan a escala. Aunque el cardumen inicial 
arrastrado es un cardumen "explotable" en terminos de criterio (20), 
~ los cardumenes situados a la derecha de este cardumen original estan 
representados. Las Uneas quebradas a la derecha del cardumen inicial 
determinan la "band a sonar"; los cardumenes que cruzan esta banda 
tambien se pescan hasta que el lance termina porque (en este ejemplo) el 
Capitan estima que la captura ha alcanzado las 10 toneladas. 

Curvas de los indices de abundancia como una funcion de ex (la proporcion 
del nivel del ca so de base para el cual la biomasa del krill ha sido reducida), 
donde la reduccion de la biomasa ocurre como un resultado de una 
combinacion aleatoria de disminuciones en los parametros de distribucion 
Ne , Le , De r y B. Los fndices de abundancia han sido normalizados a sus 
niveles promedios estimados para el ca so de base. Las barras de error 
representadas indican estimaciones del 68% central de la distribucion del 
fndice en cuestion para un buque durante una quincena, mientras el sfmbolo 
es la estimaci6n del promedio de la distribucion, para cado valor particular 
de ex. Se presenta una forma para la curva ajustada a la relacion entre el 
fndice y ex por el metodo descrito en la seccion 3.S. Las curvas (a) y (b) 
corresponden alas modificaciones del modelo "Un cardumen por lance" 
alargado (f=8) y "Mas de un cardumen por lance" respectivamente, y 
corresponden a los fndices: 
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Figura 8 

Figura 9 

108 

(i) TC 
(ii) TC/TFISHT 
(iii) TC/TPST 

(iv) TC/TFISHT/PST +SST 

(v) TC/TFISHT/(PST +SST} 

(vi) TC/TFISHT/(PST/CST} 

Curvas de (i) captura total en una quincena (TC) y (ii) numero de 
concentraciones pescadas (TNC) como funci6n de la tasa de captura minima 
por el tiempo total transcurrido (CR min ) requerido para que un buque no 
abandone una concentraci6n. Las curvas corresponden a la distribuci6n del 
krill del case de base y al modelo de modificaci6n "Un cardumen por lance 
(f=8) alargado". Las barras de error indican una desviaci6n estandar. 

Curvas de los indices de abundancia como una funci6n de a. como en la Figura 
7, excepto que la disminuci6n total de la biomasa es solamente el resultado 
de un cambio en la densidad de superficie del cardumen de krill. Las curvas 
corresponden a la modificaci6n del modelo "Un cardumen por lance" 
alargado (f=8) , y corresponde a los indices: 

(i) TC 
(ii) TC/TFISHT 
(iii) TC/TPST 
(iv) TC/(TPST + TSST} 

( v) TC/TFISHT/PST +SST 

(vi) TC/TFISHT/PST/CST 
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SOME ASPECTS OF THE RELATION BETWEEN ANTARCTIC KRILL ABUNDANCE 
AND CPUE MEASURES IN THE JAPANESE KRILL FISHERY 

D.S. Butterworth 

Abstract 

The history of the Japanese krill fishery is reviewed briefly. 
Important aspects of the fishing operation are the constraints 
imposed by processing rate limitations on the vessels, and product 
quality considerations - in particular the increasing tendency to 
avoid catching "green" krill. These factors result in Catch-per-Day 
and Catch-per-Haul measures being unlikely to index krill 
abundance. During the high season, Catch-per-Towing-Time seems 
likely to index only within-swarm density. Search time data may be 
needed to assess the density of swarms in a concentration, but may be 
difficult to record in practice, and a number of other factors may 
complicate any analysis. The possibility of indexing the extent of the 
krill distribution through routine oceanographic monitoring merits 
attention. A data sample from the Japanese krill fishery statistics 
data-base has been selected for further studies. 

Resume 

L'historique de la pecherie de krill japonaise est resumee 
briewement. Les aspects importants de I'operation de peche sont les 
contraintes imposees par les limites du tau x de traitement sur les 
navires et les considerations de qualite du produit - en particulier la 
tendance croissante a eviter le krill de "teinte verte". En raison de 
ces facteurs, les mesures de Prise-par-jour et de Prise-par-trait 
risquent d'etre impropres a indiquer I'abondance du krill. Pendant la 
haute saison, la Prise-par-duree-de-trait n'indique 
vraisemblablement que la densite a I'interieur des essaims. L'on 
pourrait avoir besoin de donnees sur le temps de recherche pour 
evaluer la densite d'essaims dans une concentration, mais, sur le plan 
pratique, il pourrait etre difficile de les enregistrer, et un certain 
nombre d'autres facteurs pourraient compliquer I'analyse. La 
possibilite d'indiquer I'etendue de la distribution du krill par un 
controle oceanographique regulier merite d'etre etudiee. Un 
echantillon de donnees proven ant de bases de donnees statistiques de la 
pecherie de krill japonaise a ete selectionne pour une etude 
ulterieure. 

Pe3IOMe 

llaeTc5I KpaTKIH7i 0630p HCTOPIUi 5InOHCKOro npOMbICJIa KPHJI5I. 

HaH60JIee Ba)l{HbIMH acneKTaMH npOMbICJIa 5IBJI5IIOTC5I 

Tpe6oBaHH5I, BbI3BaHHbIe orpaHW.JeHH5IMH MOlI.\HOCTH cY,l{Ha no 

o6pa6oTKe KPHJI5I H BonpocaMH KaqeCTBa npO,llYKTa - B 

qaCTHOCTH YBeJIHqHBaIOlI.\a5IC5I TeH,lIeH~H5I H36eraTb npOMbICeJI 

"3eJIeHOrO" KPHJI5I. Pe3YJIbTaTOM 3THX <paKToPOB 5IBJI5IeTC5I 

MaJIa5I Bep05ITHOCTb HCnOJIb30BaHH5I napaMeTpoB "Y JIOB 3a 
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~eHb" H "Y JIOB 3a TpaJIeHHe" B Kal.leCTBe nOKa3aTeJIeH 

l.Il1CJIeHHOCTI1 KPHJI5I. B Tel.leHHe Ce30Ha, KOr~a npOMbICeJI 

~OCTHraeT HaHBbICmerO pa3Mepa, napaMeTp "Y JIOB 3a BpeM5I 

TpaJIeHH5I", Bep05ITHO, CJIY)I{I1T nOKa3aTeJIeM nJIOTHOCTH KPHJI5I 

TOJIbKO BHyTpH CKOnJIeHH5I. llaHHbIe no BpeMeHH nOHCKa MoryT 

6bITb Heo6xo~HMbI ~JI5I ou;eHKH nJIOTHOCTH CKOnJIeHH5I BHyTpH 

KOHu;eHTpaU;HH, HO, B03MO)I{HO, l.ITO HX c60p 6y ~eT Ha npaKTHKe 

3aTpy~HeH, a TaK)I{e p5I~ ~pyrHx <paKTOPOB MO)I{eT OCJIO)I{HHTb 

aHaJIH3. 3aCJIY)I{HBaeT BHHMaHH5I B03MO)I{HOCTb nOJIYl.leHH5I 

HH~eKca pacnpe~eJIeHH5I KPHJI5I Ha OCHOBe ~aHHhlX 

CTaH~apTHbIX OKeaHorpaqml.lecKI1X CbeMOK. llJI5I 6y~ylI.(HX 
HCCJIe~OBaHHH 6bIJIa C~eJIaHa BbI60pKa ~aHHbIX H3 

CTaTHCTHl.IeCKOrO 6aHKa ~aHHbIX no 5InOHCKOMY npOMbICJIY 

KPHJI5I. 

Resumen 

Se analiza brevemente la historia de la pesquerfa japonesa del krill. 
Los aspectos importantes de la operacion pesqLiera son las 
restricciones impuestas por los Ifmites de las tasas de procesamiento 
en los buques, y las consideraciones de calidad del producto -
particularmente la tendencia creciente de evitar la captura del krill 
"verde". A razon de estos factores, las medidas Captura-por-dfa y 
Captura-por-Iance pueden ser inadecuadas para indicar la abundancia 
del krill. Durante la temporada alta, parece que la 
Captura-por-tiempo-de-arrastre solo indica la densidad en el 
interior de cardumenes. Los datos del tiempo de busqueda pueden ser 
necesarios para evaluar la densidad de cardumenes en una 
concentracion, pero en la practica, pueden ser diffciles de registrar, 
ademas, otros facto res pueden complicar cualquier analisis. La 
posibilidad de indicar la extension de la distribucion del krill por 
medio del control oceanografico regular merece ser estudiada. Se ha 
seleccionado una muestra de datos de la base de datos de las 
estadfsticas de la pesquerfa de krill japonesa para estudios ulteriores. 



1 . INTRODUCTION 

This document summarises information provided in discussions held with Captains 
and other executives of Japanese krill fishing companies, and also Japan Fishing Agency 
officials and scientists involved in research on krill and the krill fishery, during October 
1986. These discussions constituted the initial phase of a simulation study of krill 
distribution and the krill fishery to determine the utility of CPUE as an index of changes in 
krill abundance, which is being undertaken on a contractual basis for CCAMLR. 

Details of the persons with whom discussions were held are listed in the Appendix. 
The material presented is drawn from those discussions and written information provided by 
Japanese scientists - in particular various documents authored by Dr Y. Shimadzu and 
Mr T Ichii. A number of the comments made during the discussions are anecdotal in nature, 
and should not be regarded as the conclusions of a detailed scientific analysis. Nevertheless 
they provide extremely useful background for developing an understanding of the way the 
fishery operates, and hence a basis to formulate hypotheses to test, and to choose the most 
appropriate approach for modelling purposes - such comments have been recorded and 
should be viewed in that context. 

Nomenclature in general use for the different types of krill aggregations is somewhat 
varied. The terminology in this document will be kept consistent with that of Butterworth 
and Miller (1987): krill aggregate into "concentrations"; different modes of concentration 
are a "number of swarms", a "layer", and a "super-patch". Swarms are typically several 
tens of metres long with densities between 10 and several hundred g/m3; layers may exceed 
1 000 m in length with densities of several tens of g/m3; super-patches may extend over 
several km with densities of several hundred g/m3. Conventional translations of certain of 
the standard Japanese terms differ somewhat from the above: they use the terms "patch" and 
"layer" for alternative manifestations of what is indicated above (and in what follows) as a 
"swarm" (see also Section 3.2). 

Throughout this document attempts are made to relate the information presented to 
the question of obtaining a measure (or set of measures) from data collected (or potentially 
collected) in the fishery, which would provide an annual index of krill abundance. As 
discussed subsequently, the fishery provides no information on layers because their 
densities are too low for fishing on them to be economic, while fishing on super-patches 
seems a relatively rare phenomenon. Comments will accordingly be directed towards 
monitoring the abundance of krill aggregating in the "swarm" mode (Ks). Butterworth and 
Miller (1987) express this as: 

Ks 

where At 

Acs 

As 

Dc 
ds 

°ks 

= 
= 
= 

= 

At Dc Acs ds As Oks ( 1 ) 

total management area 

average area of a concentration of swarms 

average swarm area for swarms comprising a concentration of swarms 

density of concentrations of swarms (no. concentrations per unit area) 
average density of swarms within a concentration (no. swarms per total 
area of concentration) 
average density of krill in a swarm (mass krill per surface area of 
swarm) 

[Note: While these Butterworth and Miller (1987) symbols are used in this paper, a 
slightly different set are used in Butterworth (1988). Essentially the equivalences are, 
with the Butterworth (1988) symbols on the right hand sides: 
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Acs = 1tLe2 

~ = 1tr2 

DeAl = Ne 
ds De 

°ks = 0] 

Since changes in krill abundance could be reflected by changes in anyone of the 
factors in equation (1) (see Section 4.5 for the sense in which a "change" in AI is implied), 
it is important to attempt to relate data collected in the fishery to each of these factors. 
[Note that although Oks is defined as an ~ density, subsequent discussions will for 
simplicity tacitly treat it as a volume density. Average swarm thickness is a further factor 
which should perhaps also be included in equation (1 ).] 

This document first gives a brief overview of the history of the Japanese krill 
fishery, and then discusses details of the nature of the fishing operation. This is followed by 
a section on possible specific relations between data which are (or might be) routinely 
collected in the fishery and the factors in equation (1). A final section summarises the more 
important impressions, conclusions and recommendations. 

2. AN OVERVIEW 

2. 1 A Brief Historical Perspective 

The history of the Japanese fishery for Antarctic krill has been detailed by Shimadzu 
(1984) from 1972/73 to 1982/83. That document has been updated to cover the following 
two seasons by Shimadzu (1985). 

In brief, some experimental fishing first took place in the 1972/73 season by a 
single vessel using side-towing nets designed for near-surface fishing, a method found to be 
inefficient. Commercial operations started in 1973/74 with stern trawlers using 
surface-midwater trawl nets. Unlike the USSR fishery, where catchers are guided by 
research vessels, the Japanese fishery has essentially been an individual ship operation 
(except for a five year period where a "mothership" also operated, as described in the next 
section). Between 1 and 1 0 vessels have operated on this individual basis from 1973/74 to 
1984/85, and nearly all of these (90% of the vessel-years) have been 
2 000-3 000 tonne class trawlers. 

For the first three seasons, catches totalled only a few thousand tonnes, but rose 
rapidly over the next three years as effort expanded, including the introduction of the 
mothership operation in 1977178. Since that time, seasonal catch totals have averaged 37 
thousand tonnes, with a maximum of 50 thousand tonnes in 1983/84. 

The fishery has been conducted in three areas, which are generally referred to as "off 
Enderby Land", "off Wilkes Land", and "the Scotia Sea". The greatest catches in these areas 
(Shimadzu 1985, Figure 4) have been taken between longitudes SooE-70oE, 
110oE-1S0oE, and 6soW-40oW (from the South Shetland to South Orkney islands) 
respectively, although effort has extended over wider ranges than these limits indicate. For 
the first three seasons the fishing took place off Enderby Land, but in 1976/77 started 
moving further east to the area off Wilkes Land. In 1979/80 further movement into the 
western hemisphere occurred, and since 1980/81 there has been an increasing transfer of 
fishing effort into the Scotia Sea area, which now contributes almost all the Japanese krill 
harvest. (The reasons for this are discussed in Section 3.5). 
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Although fishing has taken place from early November to the start of April, most 
activities have been concentrated in the mid-December to end-February period (Le. an 
effective season of 70-80 days), for reasons primarily related to krill's swarming 
behaviour. 

Further details of the history of the fishery are given in Shimadzu (1984), 
Shimadzu (1985), and Shimadzu and Ichii (1985). 

2.2 The Mothership Operation 

This operation took place during the five seasons from 1977/78 to 1981/82, fishing 
off Wilkes Land throughout this period. The venture was partly subsidised, and consisted of 
an 8 000 tonne class trawler with freezing and processing capabilities as the mothership, 
together with from 7-10 catchers (349 tonne class) each with limited freezing capacity. 

Two detailed examples of this operation are provided in Shimadzu and Ichii (1985). 
Typically the catchers did not move more than 30 n.miles from the mothership (except for 
one vessel used for searching); this small radius was because processed product quality 
requirements necessitated their harvests to be transferred to the mothership within 
2-3 hours of capture. Economically the operation did not compare favourably with the 
individual trawler performances - the fleet caught typically 200-300 tonnes per day 
compared to the 50-70 tonne average for a 3000 tonne class vessel (Shimadzu, 1984) -
and accordingly was discontinued. 

Although this activity accounted for some 50% of the total Japanese catch while it 
operated, it is not felt appropriate to attempt a detailed model of the exercise. This is 
because the constraints of processing limitations would likely render interpretation of the 
data more difficult and the modelling quite complicated; further it seems unlikely that this 
operational mode would be recommenced by the Japanese in the future. This viewpoint might 
merit reconsideration if a detailed study would aid in analysing the USSR operation (which 
may have more similarities with this fleet-mode procedure), or if felt necessary to provide 
more information on areal swarm distribution than is available from individual fishing 
vessel records and research surveys. 

3. THE FISHING OPERATION 

3. 1 Comparison with Other Trawling Operations 

Gulland (1985) suggested that from a CPUE analysis perspective, the individual 
Japanese krill fishing vessels operate very much like a demersal trawler. Both the vessels 
used in the krill fishery and their Captains participate in mid-water or demersal trawling 
for other species over the remainder of the year, so the Captains present at the discussions 
were asked to comment on the differences in strategy between krill and other trawling 
operations. 

The difference most strongly stressed was the limitations imposed by processing and 
quality considerations for krill. In other fisheries, maximising catch rate (in terms of total 
time) is the primary consideration. With krill, catches per haul are limited to prevent the 
product being crushed, and to allow time for processing while the krill remains fresh -
generally only 2-3 hours for the fresh-frozen product. Towing times can therefore be quite 
short. This "quality" aspect and its implications for analysis are discussed further in 
Sections 3.3 and 4.1. 
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Another difference emphasised was that krill fishing involves much more searching 
(predominantly using an echo sounder). This contrasts with demersal operations where 
bottom features are considered of more importance in locating promising areas, and where 
there is in any case more accumulated experience on the location of preferential areas. 

Comments were also made that krill trawling is sometimes very close to the surface, 
particularly with swarms so positioned in poor light conditions, and sonar is important in 
establishing the appropriate angle to tow through a swarm. 

3.2 Fishing Strategies 

The importance of the echosounder in locating swarms upon which to fish was 
stressed repeatedly. Ichii (1987) records this as the most frequent means of krill 
detection, both for surface and underwater swarms, and whether the area is of low or high 
abundance. Predator cues and direct sighting of swarms near the surface are location 
methods that appear not to be used very frequently. 

The main role of sonar appears to be to determine the shapes and orientations of 
swarms and hence the appropriate towing direction. This also applies when swarms are 
small (generally earlier in the season), and tows are continued through a number of 
swarms. Sonar is also used for initial detection of underwater swarms, but is apparently 
limited in this role as it can be set to cover only a small depth range. Nevertheless one 
Captain ascribed the lack of success of the mothership operation as due in part to only one of 
the vessels having being equipped with sonar - echosounders having a much narrower 
horizontal effective search width. Another Captain commented that swarming behaviour was 
quite different in the Scotia sea (deep and dense swarms) compared to the near continuous 
echos off Wilkes Land; thus sonar was used far more in the Scotia Sea. 

There are also favoured areas to find krill concentrations (the distribution is not 
random), and some relations between oceanographic features and the likelihood of finding 
krill swarms were suggested. Catch rates suffered in the earliest years until experience in 
these respects was developed. 

Ichii (pers. commn) advises that such areas tend to be to the west of islands or 
glaciers (the downstream side in the East Wind Drift). Fronts and areas of water 
convergence (detected by observing movements of icebergs) were suggested as good signs, 
and water colour as a useful cue (clear water generally bad, green water generally good). 
Varying rather than flat bottom depth is another positive index, possibly because of 
associated upwelling currents carrying nutrients. 

The vessels search at 10 knots, but the towing speed is only about 2 knots. Wind is an 
important aspect, and trawling requires a wind speed of less than 20 metres/sec (about 
10 knots) for an average sized vessel. Ichii's (1985) report on repeated tows on the same 
swarm shows that such tows are nearly parallel to each other. The primary reason for this 
is that unless wind speeds are less than about 2-3 on the Beaufort scale (about 5-10 knots), 
the vessel must steam with the wind from behind when trawling. Accordingly the reverse 
traverse of the swarm is used to recheck the pOSition of the swarm (which may be moving) 
and the optimum direction for towing; attempts are made to avoid the previous trackline 
when re-towing, as passage of the vessel tends to disperse the krill, although this can be 
difficult if the swarm has moved, and demarcation of the line may be problematic as air 
bubbles from the original tow vanish within 15 minutes. [The Soviet operations differ in 
this respect; their net design allows for faster towing at 4-5 knots, and they are less 
influenced by wind factors.] 
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In the initial part of the fishing season - until late December - krill swarms tend to 
be small and catch rates low. In the high season from late December to the end of February, 
the number of swarms and their sizes increase, and catch rates are high. In March icing 
starts, and after sunset the krill swarms rise to the surface and disperse with a consequent 
large drop in catch rates. The fishing takes place 24 hours a day, until later in the season 
when there is a period of darkness. 

The records kept of the fishing operation distinguish between "patches" and "layers" 
(Japanese terminology); the separation is based on the ratio of vertical to horizontal 
dimensions of the aggregation - greater than 0.2 for a "patch", and less for a "layer". 
However either of these categorisations would seem to be "swarms" in the sense of 
Butterworth and Miller (1987). The larger dispersed "layers" [as defined by Butterworth 
and Miller (1987)] were indicated to be very common (though less so in the Scotia Sea), 
but their densities are too low to render fishing on them an economic proposition. 
Nevertheless, it is believed that these layers comprise a considerable fraction of the total 
krill biomass; since it seems that this component will not be sampled by the fishing vessels, 
some attention should perhaps be given to the possibilities of monitoring it during research 
activities. 

Only one of the Captains with whom discussions were held, had experience of fishing 
on a super-patch (off the South Orkney islands during the 1985/86 season). Another stated 
that most super-patches were reported in the area off Enderby Land. From comments in 
Ichii (1985), it seems that the main difference in operational procedures when fishing on a 
super-patch, is the major reduction of the proportion of time spent actively searching. 

3.3 Quality Aspects and "Green" Krill 

Six types of products are prepared on the krill trawlers. Dried krill and boiled-and­
peeled krill are very rare - the latter was only produced on an exploratory basis. Meal 
production is now increasing. The three major products are boiled-and-frozen krill (for 
human consumption), fresh-frozen krill (used as fishing bait and for food in rearing fish, 
though a part is used to produce a seasoning liquid for human consumption), and 
fresh-peeled krill consisting of the tail portion only (for human consumption). Processing 
constraints differ for the various products: fresh-frozen krill must be processed within 
2-3 hours of capture, whereas peeled or boiled-and-frozen krill can wait for 3-4 hours. 

The size of the krill is categorised by length class: LL (larger than 45 mm), L 
(between 35 and 45 mm), and M (below 35 mm in length). The largest size class has been 
targeted throughout the history of the fishery. This is because it is easier to peel, and the 
larger sizes are preferred both for human consumption and for use as bait. 

However, in the course of time certain other important consumer preferences have 
developed. Over the past two years there has been a Government campaign to promote human 
consumption of krill, and the market has developed a clear preference for firm rather than 
soft krill. 

The most important quality consideration though is (avoidance of) "green" krill. 
"Green" krill have been feeding intensively on phytoplankton, which accumulates in the 
head section (specifically in the hepatopancreas inside the carapace). This is of no relevance 
if fresh-peeled krill (or meal) is being produced, but "green" krill are actively avoided if 
the other two major products are required because they are dirty in appearance, smell bad 
on cooking, and are inferior in taste. The smaller sized krill tend to be less "green", so that 
L and M size classes may be fished preferentially if "green" krill are abundant. 
Egg-carrying females may also be sought in such circumstances, as this diminishes the 
greenish appearance. 
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Avoiding "green" krill was not always a feature of the fishery. The first season it 
became a factor was 1978/79. However, not all companies involved became concerned about 
this aspect simultaneously. A survey of the companies (Shimadzu, pers. commn) has 
indicated a steady progression with time in the number of companies taking "greenness" into 
account, with the final company joining this list as recently as the 1985/86 season; the 
market preference for "white" krill is now very strong. The first haul made by a vessel on 
moving to a new area is often small to provide a sample test for quality (both size and 
colour). 

"Green" krill is more prevalent in the Scotia Sea than off Wilkes Land. It is more 
likely to be found early in the season, and closer inshore in relation to the Scotia Sea islands 
(possibly a consequence of upwelling). Swarms of krill in the Scotia Sea were reported 
usually to be close inshore and "green". 

It seems very likely that any model of an individual trawler's operation would have to 
allow for change with time as krill "greenness" has become more relevant. Catch-length 
based analyses may also be affected, with age-specific-selectivity patterns influenced by 
this factor. Even though all the companies participating in the fishery are now "green" -
sensitive however, this is not a constraint for all vessels at all times - it depends on the 
product(s) required on a particular day. For example, one multi-vessel company had one of 
its vessels dedicated to fresh-peeled krill production throughout the 1985/86 season, for 
which "greenness" would have been of no concern. 

The data-base contains records of daily krill production by size category and 
product-type, though no details of "greenness". There seems to be a need to examine 
whether CPUE measures are substantially affected by desired-product-related targeting, and 
whether the existing data is adequate to allow targeting to be inferred - if not, a request 
might need to be made to consider possible routine recording of product-related targeting and 
"greenness" in future. 

3.4 Cooperation with Other Vessels 

The role of cooperative inter-vessel communication in determining fishing patterns 
is important to establish. The average time it takes to find a new swarm or new 
concentration upon which to trawl, may be an important contributing index in monitoring 
krill abundance trends (see Section 4.3); but this only applies to independent searching, 
which is quite different from moving directly to a high density region under the specific 
direction of another vessel already fishing there. Models of the fishing operation may yield 
very different results depending on the extent of such cooperation. 

The Captains advised that during the first four seasons of the commercial fishery 
(essentially the operations off Enderby Land), there had been very frequent communication 
between the vessels, essentially to speed the development of expertise as all were then "new 
boys". 

However the situation has since changed, and because of competition between the 
fishing companies, it seems that as a general rule there is no active communication between 
vessels from different companies. In contrast, vessels from the same company communicate 
and cooperate very closely - one company advised their vessels usually operate within sight 
of each other. The vessels from the company that also conducts whaling operations maintain 
close contact with the whaling fleet, which provides information on oceanographic conditions 
which may favour krill fishing as well as data on krill quality (size class) from minke 
whale stomach content inspection. 
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While the distinctions just indicated seem to be the case on a "microscale", and 
probably provide an appropriate basis for the stratification of data from various vessels in 
initial modelling exercises, they should not be understood to imply that vessels from 
different companies are kept completely ignorant of the activities of each other. The 
Captains advised that they are eager to collect information from other companies on catch 
rates and catch compositions (size and quality) in previous seasons. While fishing is in 
progress, general information about whether an area is good or bad for catching may be 
passed on if vessels accidentally approach each other, or hints of appropriate areas to which 
to move may be relayed to vessels following communication between company offices in 
Japan. The vessels are aware of each other's approximate positions, and may consult with 
others before deciding whether to move east or west in searching for a new fishing area. 
"Areas" in this sense may be typically of the order of 100 n.miles apart, i.e. reflecting 
different "concentrations" as the term is used in this document. 

Ichii (1987), following observations on a krill trawler off Wilkes Land, reports that 
communication with another vessel (from a different company in this instance) was the 
primary determinant of fishing area location in about 20% of cases - a not insubstantial 
proportion. 

3.5 Macroscale Ground Selection 

Ichii (1987) contrasts the features of the fishing grounds in the Scotia Sea and off 
Wilkes Land. In broad terms, the quality of krill off Wilkes Land is better: there is less 
"green" krill, and the krill tend to be transparent and firm rather than of red-pink colour 
and soft, so that processing of the fresh-frozen product need only be completed in 3 hours, 
compared to 2 hours in the Scotia Sea. By-catches of salps and of fish larvae are also 
problems in the Scotia Sea. 

In this context, the almost complete transfer of effort from off Wilkes Land to the 
Scotia Sea over the past few years may seem surprising, but has been brought about for 
more important logistic/economic reasons. Recent increased product demand has been 
primarily for peeled krill, for which "greenness" is not relevant; and the better catch rates 
(and also larger sized krill) in the Scotia Sea compared to those off Wilkes Land are 
important favourable factors. 

The profit levels in the krill fishery are not high, so that cost-reducing strategies 
are adopted. The various companies' vessels operating in the Scotia Sea generally share the 
same freezer-cargo ship, reducing the options for more widespread operation. (The whaling 
factory ship is used in this capacity off Wilkes Land). In earlier years many of the trawlers 
were based in Japan, so that the grounds off Enderby and Wilkes Lands involved the least 
transit times. Now most of the vessels involved are engaged in other fishing activities off 
New Zealand, Africa and South America over the remainder of the year (for example, squid 
fishing off the Falklands/Malvinas); the vessels are based in foreign ports (in Chile, for 
example) so that fishing in the Scotia Sea for krill becomes a much more practical 
proposition. 

4. THE RELATION BETWEEN CATCH RATES AND ABUNDANCE 

4.1 The Utility of Catch-per-Haul and Catch-per-Towing-Time Indices 

Catch-per-day holds little promise as a krill abundance indicator, because of 
limitations imposed by vessels' processing capabilities. Also it seems very clear that 
Catch-per-Haul will not constitute a usable index in monitoring abundance trends. When 
vessels move to a new area, the first haul is usually deliberately small, as the immediate 
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concern is to determine the quality of the krill at that location. But more importantly, hauls 
are generally kept to a maximum of 5-10 tonnes (assessed while towing by use of net 
sounders). This is for two reasons: product quality suffers in larger hauls because the krill 
is crushed, and operations need to be linked to the vessel's processing rate capabilities. Thus 
Catch-per-Haul exhibits a form of gear saturation. 

Gulland's (1985) initial impression of the Japanese krill fishery was that it was 
rather similar to demersal trawlers operating on dispersed fish, and that fishing on a single 
swarm was far from being the standard practice. Accordingly he concluded that 
Catch-per-Towing-Time might give a fair index of krill density over a wide area. In 
consequence Butterworth and Miller (1987) suggested that Catch-per-Towing-Time would 
index within-concentration krill density (dsAsoks) rather than within swarm density (Oks) 
alone. 

However, following discussions, the author suspects that this conclusion may be 
incorrect. Shimadzu (1984) reports the average number of swarms trawled per haul as 
1.5. One company advised that a single swarm was generally adequate to obtain the maximum 
catch required in a single haul (though also quoted the South Shetland Islands area in 
1985/86 as an exception); another advised that about 80% of hauls in the high season were 
made on a single swarm alone. Clearly this needs to be investigated in detail by analysis of 
the Japanese krill data base, but the immediate implication seems to be that 
Catch-per-Towing-Time will provide only an index of within swarm density (Oks) - the data 
base contains records of the number of swarms trawled each haul, so that multi-swarm tows 
could be excluded when making such a calculation. 

The situation may be different in the earlier part of the season when swarms are 
smaller, and hauls tend rather to traverse a number of swarms. Sonar (forward range 
1/2-1 km) is used to detect swarms ahead of the vessel. Responses differed as to the 
strategy adopted if no further swarms were immediately visible on the sonar once towing 
through a particular swarm was complete: some advised it was more efficient to keep towing 
the net in such circumstances; others stated that in areas with a small number of swarms, it 
was preferable to increase the number of hauls rather than keep the net in the water. The 
latter instance would complicate interpretation of Catch-per-Towing-Time as an index of 
within-concentration krill density (ds As 0ks)' 

Even if this measure could be used to index ds As Oks in the earlier part of the season, 
this may nevertheless prove to be of limited utility. One company advised that operations 
are now being concentrated in the high-season (January-February), primarily to maximise 
efficiency by taking advantage of higher catch rates at that time. Thus in future years, data 
pertinent to the early part of the season may well be very sparse. 

Accordingly the existing data collection procedures seem likely only to provide an 
index of within-swarm krill density (Oks), through Catch-per-Towing-Time. While 
searching time measures may allow monitoring of average swarm density within a 
concentration (ds) (see Section 4.3), a concern is that this would nevertheless leave average 
swarm area (As) un measured (in the high season maximum haul sizes apparently usually 
being obtained, and nets being raised, before the whole swarm has been traversed). 

4.2 Reasons for Vessel Movement 

If the density of swarms within a concentration (ds), or the density of concentrations 
(Dc), are to be indexed by operational data other than Catch-per-Towing-Time, it is 
important that the various reasons that may lead to movement of a vessel be appreciated. 
Accordingly one question asked of the Captains was what were the main determinants of a 
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decision to move to another "area" to fish. Although the question was intended to apply both 
to within-concentration and between-concentrations scales, the author suspects that most of 
the comments made were more applicable to the latter. 

The principal consideration appears to be an economic one. However, comments 
differed as to whether catch rate or krill quality (white rather than green, large size class, 
and avoidance of by-catch of salps and/or fish larvae) was the dominant factor in the 
economic equation. This must depend on the final product required, which may differ from 
vessel to vessel, and even for the same vessel at different times of the season. If catch rate 
or quality (whichever is relevant at the time) is satisfactory, a vessel will attempt to keep 
track of the swarm while completing processing to allow for subsequent re-towing, but will 
otherwise undertake searching for new swarms. 

Bad weather also plays a role; the low power of vessels restricts their ability to catch 
in adverse conditions (see Section 3.2), so they will move to avoid these unless the area 
being fished is particularly good. Further, poor weather is often accompanied by a change in 
the distribution of the krill swarms, so that searching may have to be started anew once such 
periods are over, although the echosounder is monitored continually through these periods 
despite towing being impossible. 

Communication with other vessels (see Section 3.4) can lead to a decision to move to 
another area. Also movements must take into account the need to transfer catch and take on 
fuel and water from a freezer-cargo vessel (or whaling factory ship for some vessels) -
this occurs typically 5 times for a vessel during one krill fishing season. The opening 
strategy is often to move to an area where good catches were made the previous season, 
although locations favoured by krill can change from year to year. 

From observations made aboard one particular vessel, Ichii (1987) lists the 
following relative frequencies of reasons to move to new fishing areas: 

Areas that provided good yields the previous season: 
Communication with other vessels: 
Return to areas previously located that season 

(in the hope, perhaps, of quality improvement): 
Cues to krill concentrations (e.g. ice conditions, predators) 

34% 
22% 

22% 
22% 

The reason for leaving an area during the period of these observations was usually poor catch 
rates. 

Ichii (1985) provides an example of fishing on a super-patch. Vessel movement on 
that occasion appears essentially to have involved no more than maintaining contact with the 
super-patch in its counter-migration against the current. 

4.3 Time Budgeting and Search Time 

As discussed in Section 4.1, it appears that in the high season for krill fishing, 
Catch-per-Towing-Time is likely to relate only to the average density of krill within a 
swarm (Oks), rather than the product dsAsoks representing the density of krill within a 
concentration of swarms. Some index is needed of the density of swarms within a 
concentration (ds ) (as well as, if possible, the density of concentrations, Dc). For example, 
one company stated that in the vicinity of the South Orkney islands in the 1985/86 season, 
although the within swarm density was very high, the number of swarms per unit area had 
been rather low; thus Catch-per-Towing-Time alone might give an over-optimistic 
impression of the krill abundance in that area on that occasion. 
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Measuring the search time to find swarms could provide an index of ds (and also 
possibly Dc). Certainly a large fraction of operational time is spent searching, and the 
Captains emphasised that the echosounder is watched all the time (even when transferring 
cargo). One Captain (who had previous experience of the time budget data recorded in 
whaling operations) had had his quartermaster keep records in a notebook on a similar basis 
over the krill fishing season. His vessel's time had been divided as follows: 

Searching: 
Net handling (entry to and withdrawal from water): 
Towing: 
Idling (due to bad weather, engine kept going): 
Transferring cargo: 
Drifting (engine stopped): 

45% 
24% 
18% 
6% 
4% 
3% 

Note: ( a) The searching time above was not measured directly, but was obtained by 
subtracting the time spent on other activities from the total operation time. It 
includes both "primary" and "secondary" searching (as defined subsequently 
in this section). 

( b) The towing time refers only to when catching is taking place, as indicated by 
the net recorder; about 1.5% of the total time was spent adjusting the net to 
the desired water depth, and this is included in the searching time above. 
Drifting occurs for several reasons, for example engine repair; only a small 
proportion of this time corresponds to waiting to end processing (without 
searching) because swarms are known to be in the area. 

This indicates that the great majority of the time is spent in searching and net 
handling. A Captain from a different company independently offered this comment, although 
not possessing as detailed quantitative data. 

However, the definition of searching is not as straightforward as the tabulation above 
suggests, in particular since it is only the "primary searching" component of this time 
relating to finding a new swarm (or new concentration) that is relevant as an. index of ds (or 
Dc). Ichii (1987) comments that while searching time is almost equivalent to the time 
between finishing one haul and starting the next in low density areas, definition becomes 
very difficult in higher densities when the constraint imposed by processing time 
requirements delays the onset of further trawling. Sometimes the trawl net may be 
deliberately kept under water until processing of the catch from the previous tow has been 
completed. Also Ichii (1985) suggests that judgements that repeated towing on a patch is 
taking place (such data has been recorded since 1984/85) may not be entirely reliable. 

The Captains, while appreciating the relevance of a measure of primary searching 
effort, were doubtful how practical it would be to record this. One problem (unlike in the 
case of whaling) is that it would not always be possible to decide easily and unequivocally 
what a vessel's primary activity was at a particular time. Further, it was stressed that the 
quartermaster already has considerable data recording duties to which to attend, and would 
not welcome further work; this aspect has to be kept in mind, as unrealistic further 
requests of the crews may lead only to a decline in data quality. 

Nevertheless because of the importance of this issue, two experimental recording 
procedures were discussed with Dr Shimadzu and his colleagues, and Dr Shimadzu was to 
investigate further whether it might be possible to implement them during the 1986/87 
season. (Shimadzu, pers. commn, advises that some trial recordings similar to those 
discussed below were duly made.) 
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The first was to request all vessels to keep a record of the start and end times of 
periods of "primary searching effort" during a limited period of the fishing season 
(mid-January to mid-February during the high season was suggested). "Primary 
searching" was defined as the time spent looking for a new swarm on which to trawl, and 
excluding time spent preparing to tow again on the same swarm or to complete processing 
after a new swarm had been found. It would be requested that if there were periods when the 
crew was too busy to record this information, they note such times on the forms to be 
provided. The objective of this exercise was to serve as a feasibility study of whether 
primary searching information could be collected in practice and would prove suitable for 
use in calculations. 

The second experiment would involve a request to the company whose vessel had 
collected time budget data previously (as summarised above) to continue this exercise using 
a form that would facilitate subsequent encoding and analysis of the data. This would 
constitute continuous recording of the vessel's operational activity. In discussion with 
Dr Shimadzu and colleagues after the meetings with company personnel, the following 
provisional list of activities was constructed: 

( I ) Searching: 

( a) Primary searching: 

(i) Searching for new swarm within concentration 
(ii) Searching for new concentration (undirected) 
(Hi) Searching following external communication 
(iv) Searching in transit to/from cargo transfer 

( b ) Secondary searching: 

( i ) Confirming swarm dimensions after finding it 
(U) Searching for swarm just trawled to trawl again 
(Hi) Maintaining contact with swarm until processing ends 

( 11) Net Handling: 

( a) Net entering water 
( b ) Aiming net to correct depth 
( c ) Withdrawing net from water onto deck 

( Ill) Towing (actively fishing) 

(IV) Idling (due to bad weather) 

( V) Transferring cargo 

(VI) Drifting (engine off): 

( a) Drifting while finishing processing, with swarms in the area 
( b ) Drifting because of bad weather 
( c) Drifting for other reasons (e.g. engine repair). 

The objective of this was again a feasibility study of the practicality of collecting such 
information. The resultant data could be used, for example, to develop a model such as that of 
Cooke and Christensen (1983) to assess the magnitude of possible non-linearities in the 
CPUE-abundance relation arising from catch ability fluctuations. 
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4.4 Large-scale Density Trends 

Another component in the expression to calculate total krill abundance is the total 
management area (At). A concern is that changes in total abundance could be reflected mainly 
by expansions or contractions of the overall extent of the krill concentrations, rather than 
in the smaller scale features [such as within-swarm density (Oks)] to which indices 
discussed earlier would relate (Butterworth and Miller, 1987). Information on 
larger-scale trends in krill density is therefore of interest. 

The close vicinity of the continental ice-edge was not regarded by the Captains as 
necessarily a preferred area to catch krill, but this must be considered in the context that 
drifting ice is avoided because of the danger of damage to the fishing gear. One strategy when 
new concentrations are sought, is to move to the ice-edge and then search northwards, which 
is suggestive of a large-scale general fall-off in density moving away from the ice. 

A feature mentioned more than once is that krill remains within the cold water 
masses as the ice retreats in the early stages of the season, so that fishing tends to move 
closer to the continent with time. The prospects that a routine monitoring of oceanographic 
features might provide an annual index of the overall krill distributional area perhaps merit 
attention. 

In the Scotia Sea, most fishing is carried out within sight of an island. Islands can be 
approached to within 1/2 n.mile for fishing, but the nearer regions tend to be avoided 
because of the greater likelihood of encountering "green" krill. Fishing extends to about 
30 n.miles from shore in the South Orkneys, and as far as 80 n.miles in the South 
Shetlands. The Captains could not suggest any general trend in density within these areas, 
though a belief was expressed that krill were rather far from the islands at the start of 
January, and tended to move closer as the season progressed. However, the distribution in 
the zone between the South Shetlands and South Orkneys was described as very sparse, 
suggesting that there must be a fall off in density once a certain distance from the islands is 
exceeded. 

4.5 The Choice of a Data Sample for Further Studies 

The CCAMLR Scientific Committee has requested that Japan make available a sample of 
the detailed data that has been collected on their krill fishing operations, to facilitate further 
investigations in this study. In choosing such an initial sample, the primary consideration 
was to search for a vessel whose operation was categorised by as few complicating factors as 
possible. Any initial model of the fishing operation needs to be kept simple; the data choice 
strategy was intended in that sense, to enhance the possibility of identifying the basic 
features of the operation - attempts to take account of complicating factors can be made later. 

The sample chosen comprised the operation of a particular vessel off Wilkes Land in 
the 1980/81 and 1981/82 seasons. The vessel is only slightly larger than the average, 
both in terms of size and its harvest in each of the two seasons. Also the nets used by the 
vessel were virtually identical over the two seasons. The vessel's parent company had 
previous Antarctic krill fishing experience prior to the 1980/81 season. 
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There are several advantages to this particular choice: 

(i) This was the only vessel operated by its parent company over those two 
seasons, so that searching behaviour was probably influenced relatively little 
by inter-vessel communication. 



(ii) The parent company indicates the "green" krill catch quality aspect was not a 
factor it took into consideration until some years after these two seasons. 

(iii) The vessel fished for a lengthy period in both seasons (about 3.5 months - late 
November to mid-March - in each case), which allows scope for inter-month 
comparisons. 

(i v) Another vessel from the same company fished in the same area in 1982/83 -
this allows for further comparisons in future work. 

( v ) The area off Wilkes Land does not have the complications of the numerous 
islands of the Scotia Sea; krill distribution and fishing patterns in the Scotia 
Sea seem to be closely linked to these islands, which would complicate 
modelling. 

(vi) There is a longer history of Japanese operations off Wilkes Land compared to 
the Scotia Sea. 

However the choice also has some disadvantages: 

(i) The great majority of current Japanese krill fishing takes place in the Scotia 
Sea, rather than off Wilkes Land as previously. 

(ii) Little of the fishing area off Wilkes Land was surveyed by research vessels in 
the FIBEX and SIBEX programmes. 

(iii) Records have been kept of whether a tow was on a new swarm or repeated on 
the same swarm - but only from the 1984/85 season. Such data would be 
useful for modelling. 

Consideration was given to choosing the vessel for which certain time-budget data had 
been collected (see Section 4.3). However it was felt that this was offset by the 
complications of that vessel's searching behaviour being influenced by communication with 
the whaling fleet, and being sensitive to a certain extent to "green" krill quality 
considerations. 

5 . SUMMARY OF CONCLUSIONS 

(a) Investigations of the Japanese krill fishery should concentrate on the analysis of 
individual vessel activities. The mothership-type operation was complicated by 
processing constraints, would be difficult to model, and seems unlikely to be 
repeated in the immediate future. 

( b) Catch-statistics analysis will be concerned with fishing on concentrations of 
swarms. Super-patches seem to be relatively rare. Layers of krill are of 
densities that are too low for fishing to be economic; consideration should be 
given to the possibilities of monitoring these layers during research activities. 

( c) It seems likely that future krill fishing will be concentrated in the 
January-February "high-season" period, which yields the best catch-rates. 
Modelling should therefore concentrate on the circumstances typical of this 
period. 

(d) Processing rate limitations are a major feature of the krill fishery, so that 
Catch-per-Day indices are unlikely to relate to abundance. 
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( e ) Product quality considerations lead to haul sizes being restricted, so that 
Catch-per-Haul is not a reliable index of abundance. 

( f) Advice was that most tows in the high-season are completed before the first 
swarm fished has been. traversed completely. This merits checking against 
available data, and would imply that Catch-per-Towing-Time is likely to index 
only within-swarm density (Oks)' 

( g) Primary search time information (pertaining to finding a new swarm) would be 
desirable to obtain to attempt to index within concentration swarm densities 
(ds), and perhaps also the density of concentrations (Dc). However, there are 
practical and definition difficulties in recording such data. Some feasibility 
experiments in this regard may be attempted (and were indeed subsequently 
instituted, Shimadzu, pers. commn). Other important difficulties for analysis 
of this aspect are: 

(i) The overall krill distribution is non-random; there are favoured areas, 
possibly linked to oceanographic features. 

(ii) There is communication between vessels. Vessels from the same company 
cooperate very closely, but on the other hand communication between 
vessels from different companies is very limited. 

(Hi) Searching often has to start "ab initio" after bad weather. 

(iv) Over the years, market preference development has led to an increasing 
tendency to avoid catching "green" krill, unless the fresh-peeled product 
is required. Analysis should attempt to determine the extent to which this 
influences various CPUE measures, and whether routine recording of 
"greenness" and product-targeting is needed. This aspect of the fishing 
strategy may also have implications for catch-Iength-frequency-based 
assessment methods such as Virtual Population Analysis. 

( h) A concern is that high-season catch rates and associated data seem unlikely to 
index average swarm area (As) (see 6. above), or the average area of a 
concentration of swarms (Acs). 

( i) There are indications that (in a very broad sense) krill density falls-off 
moving north from the continental ice-edge, and away from island coastlines in 
the Scotia Sea. The possibility of routine oceanographic monitoring being used 
to demarcate and so index the extent of the krill distribution (reported to 
remain within the cold water masses as they retreat during the fishing season) 
should be investigated. 

( j) Data from an individual vessel which operated off Wilkes Land in the 1980/81 
and 1981/82 seasons have been selected for initial study; the choice was aimed 
at an operation affected by as few complicating factors as possible, to simplify 
initial modelling attempts. 
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ANAL VSIS AND MODELLING OF THE SOVIET SOUTHERN OCEAN KRILL FLEET 

M. Mangel 

Abstract 

The first part of this document contains an analysis of data pertaining 
to the Soviet krill fleet. The data base consists of the records of 12 
different cruises by 8 different research vessels between 1981 and 
1984. The data are analyzed according to operational characteristics 
of the fishing process such as trawl duration, krill catch, or between 
trawl movement. Correlation analyses are presented as a means of 
understanding the within trawl and between trawl features of the 
operation. The data support the notion of a "patches within patches" 
model for the distribution of krill in the southern oceans. 

The second part of this document contains the development and use of a 
simulation model of a Southern Ocean krill fleet. The objective of the 
work is to answer questions such as: what information do catch and 
effort data provide about krill abundance or how easily can 
significant changes in krill biomass be detected? The krill 
distributional model begins with individual krill which are assumed 
to aggregate into swarms of krill. The swarms then aggregate into 
concentrations, which are the foci for the fishing operation. 
Parameters of the model are motivated by study of the literature and 
FIBEX results. A model is developed for a survey vessel that does no 
fishing, but simply locates concentrations of krill for the fishing 
fleet. The fishery model involves finding concentrations, finding 
swarms within concentrations and fishing individual swarms. 
Wherever pOSSible, operational data from Part I are used to provide 
distributions in Part 11. General considerations about the theory of 
abundance indices for pelagic, schooling species are discussed. In 
particular, the importance of the time spent searching for swarms is 
highlighted. A theory for detecting changes in krill biomass is 
developed. Forty-four different abundance indices are considered and 
their effectiveness in detecting changes in krill biomass is studied. 
The best indices involve two separate measures: one in which survey 
vessel discoveries are used to track the number of concentrations and 
a measure of the form catch/swarm/search-time to track swarm 
density within concentrations and krill density within swarms. 
Operational recommendations are given: (i) I propose an experiment 
in which survey and fishing vessels operate simultaneously but 
independently in the same region, (ii) I recommend that fishing 
vessels begin to indicate in their log books the amount of between 
trawl time spent searching, (iii) I propose that CCAMLR consider 
sending a Ph.D. level modeller to sea in order to develop a truly 
operational model of the fishing process, and (iv) I propose abundance 
indices that could be used to track krill biomass. 

Resume 

La premiere partie de ce document contient une analyse des donnees 
concernant la flottille de peche au krill sovietique. La base de donnees 
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consiste de registres de 12 campagnes d'etude differentes menees par 
8 navires de recherche differents entre 1981 et 1984. Les donnees 
ont ete analysees selon les caracteristiques d'operation du processus 
de peche, tels que la duree du chalutage, la prise du krill, ou les 
deplacements entre chalutages. Des analyses de correlation sont 
presentees comme moyen de comprehension des caracteristiques de 
I'operation pendant les chalutages et entre les chalutages. Les donnees 
corroborent la notion d'un modele de "regroupements a I'interieur de 
regroupements" pour la distribution du krill dans les oceans 
australs. 

La seconde partie de ce document contient le developpement et 
I'utilisation d'un modele de simulation d'une flotille de peche au krill 
dans I'ocean austral. L'objectif de ce travail est de repondre aux 
questions telles que: quelles informations sont fournies par les 
donnees de capture et d'effort sur I'abondance du krill, ou avec quelle 
facilite peut-on detecter des changements importants dans la 
biomasse du krill? Le modele de distribution du krill commence avec 
le krill individuel, que I'on presume se concentrer dans des essaims 
de krill. Les essaims se regroupent alors en concentrations qui sont 
les objets de I'operation de peche. Les parametres du modele sont 
motives par une etude de la litterature et des resultats de la FIBEX. Un 
modele est developpe pour un navire de recherche qui ne peche pas, 
mais determine simplement la position des concentrations de krill 
pour la flotille de peche. Le modele de la pecherie implique la 
localisation des concentrations et des essaims a I'interieur des 
concentrations, et la peche des essaims individuels. Partout ou cela 
est possible, des donnees sur les operations de la premiere partie 
sont utilisees pour fournir les distributions dans la partie 11. Des 
considerations generales en ce qui concerne la tMorie des indices 
d'abondance pour les especes pelagiques gregaires sont discutees. En 
particulier, I'importance du temps passe a la recherche des essaims 
est soulignee. Une tMorie sur la detection des changements de la 
biomasse du krill est developpee. Quarante-quatre indices 
d'abondance differents sont consideres et leur efficacite dans la 
detection des changements dans la biomasse du krill est etudiee. Les 
meilleurs indices entrainent deux mesurages separes: I'un ou les 
decouvertes faites par le navire de recherche sont utilisees pour 
controler, de fagon continue, le nombre de concentrations, et un 
mesurage de capturelessaim/temps de recherche pour un controle 
suivi de la densite des essaims a I'interieur des concentrations et la 
densite du krill au sein des bancs. Les recommandations 
operationnelles donnees sont les suivantes: (i) je propose une 
experience ou les navires de recherche et de peche operent 
simultanement mais independamment dans la me me zone, (ii) je 
recommande que les navires de peche commencent a indiquer dans 
leurs journaux de bord le temps entre chalutages passe a la 
recherche, (iii) je propose que la CCAMLR envoie en mer un modeleur 
d'un niveau de doctorat afin de developper un modele vraiment 
operationnel du processus de peche, et (iv) je propose des indices 
d'abondance qui pourraient etre utilises pour determiner, d'une 
maniere continue, la biomasse du krill. 



Pe3IOMe 

TIepBa.SI l.IaCTb ,aaHHOrO ,aOKYMeHTa CO,aep)l(HT aHaJIH3 ,aaHHbIX, 
OTHOC.SIIUHXC.SI K COBeTCKOM npOMbICJIOBOM KpHJIeBOM 
q>JIOTHJIHH. ,llaHHbIe OCHOBaHbI Ha pe3YJIbTaTaX 12 pa3JIHl.IHbIX 
peMcoB 8 pa3HbIx HaYl.IHO-HCCJIe,aoBaTeJIbCKHX Cy,aOB B nepHo,a 
Me)l(,ay 1981 H 1984 r. ,llaHHbIe npOaHaJIH3HpOBaHbI B 
COOTBeTCTBHH C q>aKTHl.IeCKHMH xapaKTepHcTHKaMH, TaKHMH, 

KaK ,aJIHTeJIbHOCTb TpaJIeHH.SI, YJIOB KPHJI.SI, HJIH BpeM.SI Me)l(,ay 
TpaJIeHH.SIMH. KoppeJI.SIl.\HOHHbIM aHaJIH3 npe,acTaBJIeH KaK 
KJIWl.I K nOHHMaHHW xapaKTepHcTHK Onepal.\HH BO BpeM.SI 
TpaJIeHH.SI H Me)l(,ay TpaJIeHH.SIMH. ,llaHHbIe no,aTBep)l(,aawT 

H,aew Mo,aeJIH "n.SITHO B n.SITHe" pacnpe,aeJIeHH.SI KPHJI.SI B 
IO)I(HOM OKeaHe. 

BTOpa.SI l.IaCTb 3Toro ,aoKYMeHTa BKJIWl.IaeT pa3BHTHe H 
HCnOJIb30BaHHe Mo,aeJIHpOBaHH.SI W)I(HOOKeaHcKoM 
npOMbICJIOBOM KpHJIeBOM q>JIOTHJIHH. UeJIb paooTbI 
3aKJIWl.IaeTC.SI B OTBeTe Ha CJIe,aYWIIJ;He BonpOCbI: KaKHe BbIBO,abI 
MO)l(HO c,aeJIaTb Ha OCHOBaHHH ,aaHHbIX no YJIOBY H 
npOMbICJIOBOMY YCHJIHW 0 l.IHCJIeHHOCTH KPHJI.SI H 0 TOM, 
HaCKOJIbKO JIerKO MO)l(HO OOHaPY)I(HTb 3Hal.lHTeJIbHbIe 

H3MeHeHH.SI B OHOMacce KPHJI.SI. TIepBHl.IHbIM 3BeHOM B Mo,aeJIH 
pacnpe,aeJIeHH.SI KPHJI.SI .SIBJI.SIWTC.SI OT ,aeJIbHbIe 3K3eMnJI.SIpbI 
KPHJI.SI, KOTopbIe oopa3YWT CKOnJIeHH.SI. CKOnJIeHH.SI oopa3YWT 

KOHl.\eHTpal.\HH, KOTopbIe .SIBJI.SIWTC.SI l.\eHTpOM npOMbICJIOBOM 
Onepal.\HH. TIapaMeTpbI Mo,aeJIH 3aBHC.SIT OT H3Yl.IeHH.SI 

onYOJIHKOBaHHbIX pe3YJIbTaTOB H pe3YJIbTaTOB nporpaMMbI 
"FIBEX". Mo,aeJIb pa3paOOTaHa ,aJI.SI nOHCKOBoro cy,aHa, He 
3aHHMaWIIJ;erOC.SI npOMbICJIOM, HO Be,aYIIJ;ero nOHCK 
KOHl.\eHTpal.\HH KPHJI.SI ,aJI.SI PbIOOJIOBHbIX Cy,aOB. Mo,aeJIb 
npOMbICJIa BKJIWl.IaeT HaXO)l(,aeHHe KOHl.\eHTpal.\HM, 
HaXO)l(,aeHHe CKOnJIeHHM BHYTPH KOHl.\eHTpal.\HM H npOMbICeJI 
OT,aeJIbHbIX CKOnJIeHHM. r,ae B03MO)l(HO, q>aKTHl.IeCKHe ,aaHHbIe 
H3 4acTH 1 HCnOJIb30BaHbI B 4acTH 2. OocY)I(,aeHbI OCHOBHbIe 
acneKThl TeopHH HH,aeKCOB l.IHCJIeHHOCTH neJIarHl.IeCKHX 

cTaMHbIx BH,aOB. B l.IaCTHOCTH npH,aaeTC.SI OOJIbIIIOe 3Hal.leHHe 

BpeMeHH, nOTpal.leHOMY Ha nOHCK CKOnJIeHHM.Pa3paOOTaHa 

TeOpH.SI BbI.SIBJIeHH.SI H3MeHeHHM B OHOMacce KPHJI.SI. 
PaCCMOTpeHbI COp OK ,aBa pa3JIHl.IHbIX HH,aeKca l.IHCJIeHHOCTH H 

H3Yl.IeHa HX 3q>q>eKTHBHOCTb B BbI.SIBJIeHHH H3MeHeHHM B 

OHOMacce KPHJI.SI. HaHJIYl.IIIIHe HH,aeKCbI COCTO.SIT H3 ,aBYX 
OT,aeJIbHbIX l.IaCTeM: nepBa.SI - Kor,aa pe3YJIbTaTbI paOOTbI 
nOHCKOBoro cy,aHa HCnOJIb3YWTC.SI ,aJI.SI BbI.SIBJIeHH.SI KOJIHl.IeCTBa 
KOHl.\eHTpal.\HM H BTOpa.SI l.IaCTb no q>opMe 
YJIOB/CKOnJIeHHe/BpeM.SI nOHCKa 3aKJIWl.IaeTC.SI B BbI.SIBJIeHHH 
nJIOTHOCTH CKOnJIeHHM BHYTPH KOHl.\eHTpal.\HM H nJIOTHOCTH 
KPHJI.SI BHYTPH CKOnJIeHHM. ,llaHbI CJIe,aYWIIJ;He onepaTHBHbIe 
peKOMeH,aal.\HH: (i) .SI npe,aJIaraw 3KcnepHMeHT, B KOTOPOM 
nOHCKOBbIe H PbIOOJIOBHbIe cy,aa paOOTaJIH ObI o,aHOBpeMeHHO, 

HO He3aBHCHMO ,apyr OT ,aPyra B O,aHOM H TOM )l(e paMOHe, (ii) .SI 

peKOMeH,ayw, l.ITOObI PbIOOJIOBHbIe cy,aa Hal.laJIH OTMel.laTb B 
Cy,aOBOM )l(ypHaJIe KOJIHl.IeCTBO BpeMeHH nOHCKa Me)l(,ay 
TpaJIeHH.SIMH, (iii) .SI npe,aJIaraw, l.ITOObI CCAMLR paCCMOTpeJI 

B03MO)l(HOCTb HanpaBJIeHH.SI Cnel.\HaJIHCTa no Mo,aeJIHpOBaHHW 

Ha ypOBHe ,aOKTopa HaYK B MOPCKYW 3Kcne,aHl.\HW ,aJI.SI Toro, 
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IHOObI pa3paOOTaTb nOJIHOCTbIO ,l{efl:cTSYIOW;YIO MO,l{eJIb 
npOI..(ecca npOMbICJIa, H (iv) .SI npe,l{JIaraIO, lITOObI HH,l{eKCbI 

lIHCJIeHHOCTH HCnOJIb30SaJIHCb ,l{JI.SI SbICJIe)l(HSaHH.SI OHOMaCCbI 

KPHJI.SI. 

Resumen 

La primera parte de este trabajo contiene un amilisis de los datos 
relacionados con la flota de krill de la Union Sovietica. La base de 
datos se compone del registro de 12 cruceros diferentes realizados 
por 8 buques de investigacion entre 1981 y 1984. Se analizan los 
datos segun las caracterlsticas operativas de proceso de pesca, tales 
como duracion del arrastre, captura de krill 0 movimientos entre 
arrastre. 

Los analisis de correlacion se presentan como un medio para entender 
las caracterlsticas de la operacion durante el arrastre, y entre un 
arrastre y otro. Los datos corroboran la nocion de un modelo de 
"manchas dentro de manchas" en la distribucion del krill en el 
Oceano Austral. 

La segunda parte de este trabajo contiene el desarrollo y utilizacion de 
un modelo de simulacion para una flota de krill en el Oceano Austral. 
El objetivo del mismo es responder a cuestiones tales como: {,Que 
informacion proporcionan los datos de captura y esfuerzo sobre la 
abundancia del krill? 0 {,Con que facilidad pueden detectarse cambios 
significativos en la biomasa del krill? El modelo de distribucion del 
krill se inicia con krill individual que se supone se concentra en 
cardumenes. Los cardumenes forman a continuacion concentraciones, 
las cuales son el objetivo de la operacion de pesca. Los parametros del 
modelo se fundamentan en el estudio de la documentacion existente y 
en los resultados de FIBEX. Se desarrolla un modelo para un buque de 
investigacion que no faena, sine que solamente localiza 
concentraciones de krill para la flota pesquera. El modelo de pesca 
implica la busqueda de concentraciones, de cardumenes dentro de 
concentraciones y la pesca de cardumenes individuales. Siempre que 
es posible, los datos oeprativos de la Parte I se emplean para 
proporcionar distribuciones en la Parte 11. Se discuten las 
consideraciones generales sobre la teorla de los indices de 

abundancia para especies pelagicas que se agrupan en bancos. Se 
destaca, en particular, la importancia del tiempo empleado en la 
busqueda de cardumenes. Se desarrolla una teorla para detectar 
cambios en la biomasa del krill. Se consideran cuarenta y cuatro 
Indices de abundancia, y se estudia su efectividad a la hora de detectar 
cam bios en la biomasa del krill. Los mejores Indices requieren dos 
medidas distintas: una en la que se utilizan los descubrimientos del 
buque de investigacion para rastrear el numero de concentraciones, y 
otra sobre la forma de la capturalcardumen/tiemp de bUsqueda, para 
rastrear la densidad de un cardumen en las concentraciones y la 
densidad del krill en los cardumenes. Se ofrecen recomendaciones 
operativas: (i) propongo un experimento en el cual buques de 
investigacion y de pesca operen simultanea pero independientemente 
en la misma zone, (ii) recomiendo que los buques de pesca empiecen a 
indicar en sus cuadernos de pesca el tiempo, entre un arrastre y otro, 
empleado en la busqueda, (Hi) propongo que la CCRVMA considere 



enviar a un modelador cualificado para que desarrolle un modelo 
realmente operativo para el proceso pesquero, y (iv) propongo 
indices de abundancia que podrian ser empleados en el rastreo de la 
biomasa del krill. 
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1 . INTRODUCTION AND RECOMMENDATIONS 

This document contains two distinct parts. In the first part, I present an analysis of 
data provided by Professor Lubimova (VNIRO Rresearch Institute, MOSCOW) on the Soviet 
krill (Euphausia superba) fleet. The analysis presented is based on data collected over a 
number of different seasons by about 10 different vessels. The second part contains a 
description of the krill simulation model developed in conjunction with Professor 
Butterworth and Dr Beddington's group in London. This document supercedes and modifies 
the model and results in Mangel (1987) and Mangel and Butterworth (1987). 

The overall objective of this work is to provide an answer to the question: Can fishery 
generated data be used to monitor krill abundance? If so, what kinds of data need to be 
collected. Any such procedure, which is based on derived data (versus direct surveys), must 
also be based on the assumption that changes in abundance occur relatively quickly after 
periods of relative constancy. If changes occur slowly over many years or biomass 
fluctuates wildly from year to year, then it is unlikely, if not impossible, to detect such 
changes with fishery derived data. 

1 . 1 Recommendations 

Based on the statistical analysis and modelling described in the body of the report, the 
following three recommendations are presented: 
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1. Fishing and survey vessels should indicate in their log books approximately how 
much of the between trawl times are spent in search for swarms of krill. If 
possible, vessels should indicate the number of swarms fished in a haul. This 
would require a consistent definition of swarm (in terms of sonar ping threshold, 
for example). 

2. CCAMLR should consider an "experiment" in which a research vessel and a fishing 
fleet travel together, but work independently. In particular, the fishing fleet 
should operate as if the survey vessel were not present, and the survey vessel 
should conduct krill surveys in the vicinity of regions in which the fleet fishes. 
By doing this, one can obtain a distributional model for krill that are considered 
fish able by the fleet. 

3. If a detailed operational model of krill fisheries is desired, CCAM LR should 
consider sending a Ph.D. level modeller to sea with the fleets. This is in the best 
traditions of operational analysis (see, e.g. Tidman 1984) and will most likely be 
the only way that accurate operational models can be developed. In particular, 
such a field assignment will lead to accurate understanding of search operations 
while fishing and while not fishing and to an accurate understanding of 
operational fishing decisions. 

4. The following indices can be used, at least temporarily, to track krill abundance: 

( a) Use the number of discoveries of fishing foci or large scale concentrations 
of krill by the survey vessel to track changes in the number of 
concentrations and the characteristic radii of concentrations. 

( b) Use one of the following indices to track within concentration changes in 
swarm density and krill abundance within swarms: 



PART I 

(Total Catch/Total Hauls) / Average {Searchtime} 
(Total Catch/Swarms Fished) / Average {Searchtime} 
(Total Catch/Swarms Encountered) / Average {Searchtime}. 

ANALYSIS OF SOVIET DATA 

2. SOVIET DATA SOURCES AND DEFINITION OF TERMS 

Professor Lubimova provided a number of different sets of data obtained from 
research/survey vessel cruises. Table 2.1 contains a summary of the sources. 

The vessels listed in Table 2.1 have similar characteristics. All except Globus are 
freezer-trawlers; the Globus is listed as PTMC but I could not interpret that code. The 
displacement of all vessels except Globus is about 3 800 tonnes; the displacement of the 
Globus is about 5 400 tonnes. The propulsion of all vessels except Globus is 2000 
horsepower; the propulsion of Globus is 3 880 tonnes. Table 2.2 shows net characteristics 
of the different vessels. 

Some explanations about Table 2.1 and the associated computations are needed: (1) In 
the analyses described below, one degree of latitude is assumed to equal 60 n miles. and one 
degree of longitude is assumed to equal 30 n miles. (2) A "record" is, essentially, a trawl 
and concomittant information. Four different reporting methods were used, but the following 
information was contained in all records: 

• Date 
• Starting point (S,W) 
• Trawling duration (starting time and ending time) 
• Trawling depth 
• Trawling tack 
• Trawling speed (kts) 
• Catch (kg) and krill catch (Le., catch composition) 

In addition, some of the data sheets contained the following information: 

• Krill length (mm) 
• Cloudiness (presumed to be measured in oktas) 
• Wind direction and strength 
• Air and water temperatures. 

(3) In a few instances, multiple tacks were recorded. In such cases, the final direction was 
used in analysis. In a few instances multiple depths were recorded. In such cases, the 
largest depth was used in the analysis. Whenever a range of krill size was reported, the 
average was used in the analysis. 

From the information contained in the data, the following quantities were constructed 
for each data set: 

• The number of trawls per day 
• Trawltime 
• Trawling length 
• Krill catch per trawl 
• Distance moved between trawls 
• Time elapsed between trawls 
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• Average speed of vessel between trawls (distance between trawls divided by time 
between trawls) 

• Trawling depth 
• Trawling speed 
• Mean length of krill 

(Some of these, obviously, need no "construction" and are simply the data entries 
themselves.) 

For the statistical analysis reported in this part of the document, the following were 
computed for each of the quantities listed above: 

• The mean of the quantity, over trawls within the same data set 
• The standard deviation of the quantity, over trawls within the same data set 
• Qualitative properties of the distribution of the quantity, particularly whether the 

distribution is unimodal or bimodal. 

In addition, correlations between different quantities were computed. The correlation 
between quantity x and quantity y, denoted by rxy' is defined by 

fxy = L (Xi - <x»( Yi - <Y» I [L (Xi - <x> )2 L (Yi - <Y> )2 ]1/2 (2. 1 ) 

In this equation, Xi and Yi denote the values of the quantities x and y on the ith trawl, <x> and 
<y> are the averages of the quantities x and y and the summation is taken over the trawls in 
the data set. The quantity rxy can be considered a "same point" correlation, since both 
quantities are evaluated on the ith trawl. A lagged correlation can be computed in a similar 
fashion by evaluating the quantities on different trawls. In the analysis reported here, only 
single lags for the correlations were considered. The lagged correlation coefficient denoted 
by rXylag is defined by 

r xyl ag = L ( Xi - <x>)( Yi-1 - <y» / [ L ( Xi - <x> )2 L (Yi - <y> )2 ]1 12 ( 2 .2) 

Although it is a mistake to interpret correlation as causation, the use of correlation 
coefficients allows one to make inferences about the operations of the vessel. For example, 
one could assume as a null hypothesis that all of the quantities listed above are independent. 
Suppose then that a value of the correlation coefficient rob is observed. The probability of 
obtaining a value of the correlation coefficient greater than or equal to rob if the null 
hypothesis were true is given by (Press et. al. 1985) 

Prob { I r I > rob, given that the null hypothesis is true} = Erfc (rob(N/2)1/2) 
(2.3) 

In this equation, N is the number of trawls in the data set and Erfc(z) is the complementary 
error function. It is related to the cumulate normal distribution by Erfc(z) = 

2 (1 <I> (z/...J2)) , where <I> (z) is the probability that a normally distributed random variable 
with mean 0 and variance 1 is less than z. 

3. RESULTS OF ANALYSIS OF THE SOVIET DATA 

Preliminary analysis of the data showed that 11 of the 12 data sets were bimodal. 
For this reason, cutoff values for quantities were introduced in the course of statistical 
analysis. 
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The following cutoff values were chosen for the quantities that required them: 

• Trawling depth: 250 m 
• Trawling time: 4 hours 
• Trawling length: 8 n miles 
• Time elapsed between trawls: 40 hours 
• Distance moved between trawls: 100 n miles. 

Table 3.1 contains a summary of the means and standard deviations of the particular 
quantities. In this table, the first entry in a column is the mean and the second entry is the 
variance. Thus, for example, for data set 1, the mean number of trawls per day is 1.78 and 
the standard deviation is 0.91. If two sets of numbers are given, then the first set are the 
mean and standard deviation when the cutoff values were used in the computations and the 
second set is the mean when no cutoff was used and the number of data points greater than the 
cutoff. The second set of numbers is included only if there is a significant difference (at 
least 20%) between the mean when the cutoff value is applied and when it is not applied. 
Thus, for example, for data set 1 when the cutoff values are used, the mean value of trawl 
depth is 44.9 m and the standard deviation is 22.2; there are 4 data points greater than the 
cutoff value of 250 m and the mean value of trawl depth using all data points is 58 m. 

In rest of this chapter, the statistical analysis of the Soviet data will be reported. 
Implications for modelling are described in the next chapter. The results presented in Table 
show that all but Data Set 6 exhibit some form of bimodality of the data. Figure 3.1 shows an 
example of the bimodal distribution of between trawl movement for data set 10 (which has 
the largest differential between mean movement when the cutoff is applied and when it is not 
applied). There are very many small movements - less than 10 n miles, fewer moderate 
movements and again many large movements between trawls. 

Correlations were computed as described in the previous chapter. The correlations 
are presented in Tables 3.2 - 3.25. In these tables, the following notation is used: 

• TT = trawling time 
• TL = trawling length 
• KC = krill catch 
• BlM = distance moved between trawls 
• BTT = time elapsed between trawls 
• D = trawling depth 
• L = krill length (not always available in the data). 

The correlations will be presented in matrix form. Each data set has two tables 
associated with it: the first table contains correlation information when no cutoff values 
were applied in the computation of statistics and the second table contains correlation 
information when cutoff values were applied in the computation of statistics. Each pair of 
quantities in the correlation table has two entries associated with it. The upper entry is the 
unlagged correlation. The lower entry is the lagged correlation, with the column quantity 
corresponding to the i+ 1 sI trawl and the row quantity corresponding to the ilh trawl. 
Correlations are reported according to the supposition of the null hypothesis described in the 
previous chapter. That is, if the value of the correlation is such that the probability of 
observing it when the null hypothesis is true is greater than .05, then a 0 is reported. If the 
probability is less than .05, then the sign of the correlation is reported. For example, for 
data set 1 when all data are used (Table 3.2) the unlagged correlation between trawl time and 
krill catch has a value such that the probability of observing it if the null hypothesis is true 
is greater than .05. On the other hand, the lagged correlation between trawl time on trawl 
i-1 and krill catch on trawl i has a value such that the probability of observing it if the null 
hypothesis is true is less than .05 and the correlation is positive. 
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When reading these tables, a number of issues should be kept in mind. First, there 
are obvious positive correlations. The non-lagged correlation of a quantity with itself is 
always 1. Second, as the number of data points increases (so that the value of N increases in 
Eqn 2.3 ) the probability that the correlation will be judged significant at the .05 level 
increases. Thus, data sets with many records may, in fact, have spurious correlations. 
Third, the presence of zeroes in the correlation matrix suggests that the trawls are 
independent, or at least that the quantities derived from the trawls are independent. 

4. IMPLICATIONS FOR MODELLING 

The results presented in the previous chapter have a number of implications for the 
modelling of Southern Ocean krill fisheries described in the second part of this document. 
Perhaps most important is the bimodal nature of the data. This bimodality, especially for 
between trawl times and movement, suggests that the fundamental distributional model 
developed in the following chapters is feasible. 

It is not clear from the data analyzed thus far if the vessels used vertical echo 
sounders or directional sonars. Since the latter have much larger detection widths, this 
would impact the search process. 

It is also not clear from the data how one can estimate the time in active search 
between trawls. One of the recommendations is that vessels record search times or estimates 
of search times between trawls. 

It must also be kept in mind that the data analyzed here were provided by research, 
and not commercial fishing, vessels. Thus processing time and considerations are minimal. 
This may account for some of the exceptionally large trawl times and distances as well as 
krill catches far in excess of 10 tonnes, the limit used by Mangel (1987) and Butterworth 
(1987). 

In some cases, the net was trawled at two, three or four depths. In the model 
described in the next sections, veering and hauling times are assumed to be drawn from a 
probability distribution characterizing depths. 

PART 11 SIMULATION MODEL OF A SOUTHERN OCEAN KRILL FLEET 

5. OBJECTIVES AND GUIDING PRINCIPLES 

The overall objective of this work is to develop a framework in which one can ask 
questions such as: 
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• What information do catch and effort data provide about abundance levels of krill. 
In particular, what kinds of abundance indices can be developed from data that 
would be generated by a fishery? 

• How easily can significant changes in krill biomass be detected? In particular, 
what are the properties of the abundance indices? The most important properties 
are linearity (so that changes in abundance indices accurate reflect changes in 
krill biomass) and variability (so that mean changes are not swamped by 
variance, i.e. "noise"). 



The krill are fished when they are in dense aggregations, which will be called swarms 
in this document. The swarms are scattered over the ocean in a non-uniform manner and 
thus the fishing process involves search for concentrations of aggregations (fishing foci) and 
fishing aggregations once concentrations and aggregations within the concentrations are 
found. The simplest biomass estimates for krill population in swarms is: 

Total Biomass = (Number of Swarms) x (Biomass per swarm) (5.1 ) 

and the question then becomes how one estimates both the number of swarms and the biomass 
per swarm. 

A model of any natural system must, be necessity, be less complicated than the true 
system. We should strive to build sufficient realism into the model so that it captures the 
main features of the system of interest, but is still as parsimonious as possible. Thus, for 
example, the model described in this document does not attempt to simulate the entire 
Southern Ocean, or even a large portion of it, in the computer nor does the model simulate 
the decisions of skippers on a very short time scale (say 5 minutes). Instead, a relatively 
featureless section of ocean is considered and larger time scales for vessel motion and 
decisions are used. In a study such as this one, it is large qualitative changes in abundance 
indices that are most important for operational recommendations. 

6. BASIC DEFINITIONS AND SCALES 

The Southern Ocean fishery for krill is a pelagic fishery operating on dense 
aggregations of krill. There are many different temporal and spatial scales associated with 
the fishery. It is this wide variety of scales, in fact, that makes analysis of the problem as 
difficult as it is. Thus, it is important to consider and identify all of the the scales of 
interest from the outset. 

To begin, there are individual krill. These organisms have a length of the order of 
40-70 mm and are assumed to move at about 15 cmlsec "" 500 m/hr. The lifetime of a krill 
may be many years (Rosenberg et. al. 1986). 

Individual krill aggregates into swarms of krill. In this document, a swarm is 
assumed to consist of krill in surface densities in excess of about 100 g/m2, over a surface 
spatial extent on the order of 50 m. The swarms can be envisioned in the following way: 
Krill are actually distributed in an aggregation at a certain volume density (e.g. 5 g/m3 ) and 
we "integrate" over that volume to concentrate the entire volume in a surface layer (e.g. if 
the volume is 20 m deep, this gives a surface density of 20 m x 5 g/m3 = 100 g/m2). 
Swarms persist on a temporal scale of at least a few days. (For the model here, swarms are 
presumed to persist for over the course of 14 days.) The actual operational definition of a 
swarm is determined by the interaction of the krill, the echosounder or sonar used to detect 
them, and the operator. For example, Everson (1982, Figure 1) gives excellent examples of 
the difference between swarms of krill at night and during the daytime. During the daytime, 
krill are typically "compact, discrete swarms" (Watkins 1986). In addition, Watkins et. al. 
(1986) report that "variability between swarms in close temporal or spatial proximity 
suggests that the swarm is the basic unit of organization of the krill population" . 

Swarms of krill are further aggregated into concentrations or fishing foci. 
Concentrations are thus collections of swarms of krill over a large spatial extent, of the 
order of 10 nautical miles = 20 000 m (here and in the rest of this document, the 
conversion of 1 n miles = 2 000 m is adopted). A concentration with a length scale of 
15 n miles is presumed to contain of the order of 5 000-10 000 individual swarms of 
krill, randomly placed within the concentration. The temporal scale of the concentration is 
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assumed to be constant for the entire 14 day period considered in this report, although 
concentrations are allowed to move. The basic model thus consists of "patches within 
patches". 

For the model developed in this document, a .s.e.Q1Qr of the Southern Ocean consists of a 
"featureless" area of ocean 600 n miles on a side. The sector is treated as a square, so that 
its area, denoted by As , is 1.44 x 1012 m2.. In this context, featureless means that there are 
no large land masses in the sector and that there are no large scale oceanic currents that 
would move either concentrations or individual krill across the sector. Including large scale 
oceanic currents is a natural extension of the model and easily done. The motivation for 
adopting a featureless sector of ocean is the following: If catch and effort indices are not 
effective in detecting changes in krill biomass in a featureless ocean, they most likely will 
not be effective in detecting changes in krill biomass in an ocean with large land masses and 
currents. If the indices do appear to be effective in detecting changes, then a further 
modelling effort could couple many sectors by linking them with currents and adding land 
masses to the sectors. 

Fishing for krill is done by a fleet of 5 fishing vessels, a research/survey vessel and 
sufficient processing vessels that backlogs do not occur. In this document, a fishing period of 
14 days is considered. The fishing process consists of two main activities: search for 
concentrations and swarms of krill and fishing individual swarms. The fishing vessels and 
survey vessel each have temporal and spatial scales. The survey vessel is assumed to move 
constantly at 10 n miles/hour for the entire 14 day period in which the fishing fleet is 
operating. The survey vessel is assumed to use a forward looking sonar with a detection 
width of about 500 m (further details are given in the next chapter). 

The fleet of 5 commercial vessels are assumed to operate in perfect cooperation, so 
that they search for concentrations of krill together and share information about discovered 
concentrations. All vessels are assumed to fish in the same concentration. When searching 
for concentrations, the commercial vessels are assumed to have the same equipment as the 
survey vessel. Once within a concentration, and thus searching for individual swarms of 
krill, the survey vessels are assumed to use a vertical echosounder with a detection width of 
35 m. The width of the net used by the fishing vessels is assumed to be 20 m. 

7. KRILL DISTRIBUTIONAL MODEL 

This chapter contains a description of the model for the spatial and temporal 
distribution of krill in the sector of ocean of interest. As mentioned above, the basic model is 
a "patches within patches" model: the large sector of ocean contains concentrations (fishing 
foci) of swarms of krill. Parameters described in this chapter correspond to the "base case" 
scenario; in succeeding chapters ways that the biomass of krill in the sector could change are 
documented. 

The number of concentrations in the sector is denoted by Ne and in the base case 

• Ne = 36. 

Throughout this document, concentrations are indexed by the letter i, thus i runs 
from 1 to 36 in the base case. The location of concentrations within the sector is specified 
by the location of the center of the concentration. I assume that there is a "habitat 
structure" to the sector, defined in the following way. The sector is divided into 5 different 
habitats, stratified in the North-South direction, but not the East-West direction. If the 
southern-most edge of the sector is taken to be 0, the boundaries for the habitats are 
75 n miles, 150 n miles, 300 n miles , 450 n miles and 600 n miles. Thus, for example, 
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habitat H1 consists of the "rectangle" 600 n miles in the EW direction and the southern most 
75 n miles in the NS direction and habitat H2 consists of the "rectangle" 600 n miles in the 
EW direction and contains the region from 76 n miles to 150 n miles in the NS direction. 

Centers of concentrations are randomly placed in the sector, using habitat structure 
to determine the probability that a concentration is placed in a particular sector. The 
following probability distribution for habitat structure is adopted, motivated by 
distributions of krill predators (cetaceans and birds) and fishing boats in the Southern 
Ocean. Define the probability Pk by 

Pk = Probability that a concentration is placed in habitat k 

The following values are assumed: 

Habitat 
1 
2 
3 
4 
5 

Value of Pk 
1/3 
1/6 
2/9 
1/6 
1/9 

(7.1) 

Thus, when Ne= 36, there are on average 12 concentrations in habitat 1, 6 concentrations in 
habitat 2, 8 concentrations in habitat 3, 6 concentrations in habitat 4 and 4 concentrations 
in habitat 5. Note that the NS extent of the first two habitats is half of the NS extent of the 
other three habitats. The per unit area krill density in habitat H2 is thus twice as great as 
the krill density in habitat H4 , although the two habitats contain the same number of 
concentrations. The center of the ith concentration is denoted by (Xiryi). The value of Xi is 
chosen randomly from a uniform distribution on [0,600 nmi] and the value of Yi is chosen 
according to the probability distribution given above. 

Each concentration has a radius that determines the number of swarms in the 
concentration. The radius of the ith concentration is denoted by Li. The radius is given by 

L· - L ( 1 + U) I - e (7.2) 

In this equation U denotes a randomly variable uniformly distributed on [0,1] and Le 
denotes the concentration characteristic radius. For the base case, it is 

• Le = 10/(n).5 n miles = 5.64 n miles. 

Thus, on average the radius of a concentration is about 8.5 n miles. . 

The number of swarms in the ith concentration is denoted by Ni and is assumed to be 
given by 

(7.3) 

In this equation, Di is the per unit area density of swarms in the ith concentration. It is given 
by 

(7.4) 

In this equation De is the concentration characteristic density. For the base case, it is 
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• Dc = 20 (n miles)-2. 

Also in Eqn (7.4), Xcr denotes a normally distributed random variable with mean 0 and 
standard deviation 0". In the sequel, it is useful to know that the expected value of exp(k Xcr ) 
is given by E{ exp(k Xcr ) } = exp( .5 k2 0" 2). Thus, using Eqn (7.3) on average a 
concentration will contain (20)(exp(.5(.01)) 1t (8.46)2 swarms or about 4 500 swarms. 

Swarms within concentrations are indexed by j, so that the subscript ij denotes the 
jth swarm within the ilh concentration. Swarms are characterized by their radii and the 
density of krill within them. The radius of the jth swarm within the ilh concentration is 
denoted by rij and is given by 

(7.5) 

In this equation, re denotes the swarm characteristic radius. It is 

• re = 50 meters. 

The density of krill within the jlh swarm in the ilh concentration is denoted by Oij and is 
given by 

(7.6) 

In this equation, oe denotes the swarm characteristic density of krill. It is 

• oe = 150 g/m2 

The model described above shows that the density of swarms, the radii of swarms and 
the density of krill within swarms all follow a log-normal distribution. This distributional 
model is based on extensive study of the literature, use of FIBEX data and conversations with 
numerous scientists involved in both FIBEX and SIBEX. In particular, Professor Butterworth 
and I spent a morning with SIBEX participants discussing this distributional model. The 
following issues were raised: . 
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• FIBEX, taken around Elephant Island, may not be representative of the entire 
Antarctic area. In particular, the density of krill may be higher than on average. 
On the other hand, commercial fishing was occurring independently of but 
concommitant with the FIBEX data collection. This supports the use of the 
distributional model. 

• Swarms may aggregate in concentrations, so that swarms are not randomly 
distributed within the concentration. This would affect the number of swarms that 
a vessel tows through. 

• The actual definition of a swarm is not clear, since it depends on the threshold used 
with the sonar. Thus what appears to be one large swarm at a given ping threshold 
may be separated into a number of smaller swarms at a different threshold. 

• The radii of concentrations and the density of swarms within concentrations may 
depend upon the location of the concentration within the habitat structure. In 
particular, concentrations may be more densely aggregated near the ice edge. 

• One can't guarantee that the fishing vessels actually fish the swarm that they target 
on. 



Even with these caveats, the general feeling of SIBEX participants was that the 
distributional model described above, while undoubtedly flawed, cannot be significantly 
improved upon at this time. (Naturally changes in the model could be implemented, but it 
is not clear that the resulting model would be superior.) 

The FIBEX study estimated that the standing biomass of krill in the Southern Ocean is 
90 million tonnes. How does that compare with the krill distributional model just 
described? There are 36 swarms, each with about 4 500 concentrations. The average area 
of a swarm is 1t E { (50 exp(X 1.1 )2) } = 1t (50)2 exp( 2.42) = 8.64 x 104 m2 . The average 
density of krill in a swarm is 150 exp(.98)= 4 x 102 g/m2,. Thus, the average biomass of 
krill in the swarm is 34.6 x 106 g. Using the conversion of 1 tonne = 1 000 kg, the average 
swarm contains about 35 tonnes of krill. This value is low when compared to other reported 
values (e.g. Witek et. al. 1987) but may be due to a selection process in which only the 
larger swarms are targeted. A selection mechanism is described in the fishing submodel. A 
concentration then contains 35 x 4 500 = 15.8 x 104 tonnes of krill and the sector 
considered in this document thus contains 36 x 15.8 x 104 = 5.7 x 106 tonnes of krill. 
Since the Southern Ocean would contain 18 sectors similar to the one described here, the 
overall estimate for krill biomass in the Southern Ocean is about 100 million tonnes. This 
is consistent with the FIBEX results. 

8. SURVEY VESSEL MODEL 

This chapter contains a description of the operational model for the research survey 
vessel. At the extreme interpretation,which is adopted here, a research vessel does no 
fishing. Instead, the operation of the research vessel consists entirely of large scale 
surveying of the oceanic sector and detecting concentrations of krill. 

The path of the research vessel is modelled on a daily basis, assuming that the vessel 
executes an "exhaustive search" (Koopman 1980) of the region. That is, the vessel starts at 
the southwest corner or the sector and traverses the sector in an easterly direction. When 
the eastern boundary of the sector is reached, the vessel moves north and traverses the 
sector in a westerly direction. The speed of the vessel is assumed to be 10 kts, so that in 
24 hours the vessel's track length is 240 n miles. As a lower bound for search 
effectiveness, the assumption used in the model is that the vessel covers a block of 
200 n miles in each day. The remaining track length is assumed to be used for 
investigation of discoveries of possible concentrations; although the discovery process is not 
explicitly modelled here. Since the length of the sector is 600 n miles, it takes three days 
for the vessel to traverse the sector in the EW direction. After one traverse, assume that the 
vessel moves 20 n miles north and traverses the sector in the direction opposed to the most 
recently completed traverse. This survey process is modelled for 14 days, with the vessel 
starting at the point (0, 15 n miles) on day 1. Other search patterns can easily be 
incorporated. For example, in the current search pattern Habitats 4 and 5 are not covered 
at all. This could be changed by modifying northward motion of the vessel at the end of each 
EW traverse. Detections by the research vessel are monitored on a daily basis. I assume 
that the vessel uses a forward looking sonar with a detection width 500 m on either side of 
the search path. Thus, during a single day the vessel sweeps out a rectangular area 200 n 
miles = 4 x 105 m long and 1 000 m wide. Any concentration that extends into this 
rectangular area is assumed to be detected by the vessel. 

At the end of each survey day, the concentrations are "moved". I assume that the 
center of each concentration is displaced by a distance corresponding to the krill speed 
Vk = 15 cm/sec in a randomly chosen direction. The daily displacement distance is 
(15 cm/sec) x (.01 m/cm) x (3 600 sec/hr) x (24 hr/day)oo 13 x 103 m/day. Thus, if 
(Xj,Yj) is the location of the center of the concentration on day d, the location of the center of 
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the concentration on day d +1 is ( xj+ 13 x103 x COS(0) , Yj+ 13 X 103 x sin(0)), where 
o is a randomly chosen direction. That is, 0 is uniformly distributed with range [0, 360°]. 

The discovery history of the research vessel consists of a daily list of the location of 
concentrations that it has encountered. The discovery history has two main uses in the 
model. First, the discovery history is used to place the fishing fleet into a concentration 
whenever the fleet is not in one ( e.g., at the start of the fishing period, if bad weather causes 
the fleet to lose the concentration, or if the fleet chooses to exit a concentration because catch 
is low). Second, the discovery history can be used to estimate the number of concentrations 
present in the oceanic sector. Mangel and Beder (1985) analyzed a problem similar to this 
one and showed that if a search time ts lead to ne encounters with concentrations, then an 
estimate for the number of concentrations is 

(8.1 ) 

where Er is a search parameter associated with the operation of the research survey vessel. 
For the model described here, the parameter Er is computed according to the rule 

Er = (Vessel speed) x (Detection Width) I Area of Sector 
= (2 x104 m/hr) x (103 m) I (6 x102 x 2 x10 3m) 2 

1.38 x 10-5 Ihr. (8.2) 

Note that the search parameter is measured in hours; hence a 14 day search interval 
corresponds to a search time ts = 14 days x 24 hrs/day=336 hours. The basis of Eqn (8.2) 
is the "random search formula" (Koopman 1980, Mangel 1985) and allows for double 
counting concentrations . is, there is no way to "mark" concentrations after a detection. For 
example, concentrations may be discovered on day d and on day d+ 1 in which case it is easily 
conceivable that the same concentration has been discovered. On the other hand, the same 
concentration may be discovered on day d and day d+5, due to movement of the vessel and 
concentration, in which case it is not so obvious that this concentration was discovered once 
before. The estimate obtained from Eqn (8.2) may thus be larger than the true number of 
concentrations. 

9. FISHERY MODEL 

The fishing period considered in this document is 14 days long. Fishing is assumed to 
occur in mid-summer (e.g. February) and sufficiently far south that daylight is essentially 
24 hours. The fishing model consists of the following components: 

(i) The cooperative search by the fleet and research vessel for concentrations. This 
occurs at the start of the fishing period, if the fleet loses the concentration 
because of bad weather or if the fleet exits a concentration because of low catch 
rates. 

(ii) The search within concentrations by individual vessels for swarms of krill. 

(iii) The fishing of swarms of krill. 

(i v) The fleet decision process. 

Each of these is a submodel of the fishing model. 
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( i) Finding Concentrations 

The model developed in this document treats a "cooperative fishery" consisting of the 
research survey vessel and 5 identical fishing vessels. The vessels cooperate in that they 
share search information and all fish in the same concentration when they are fishing. 

If the research survey vessel discovers one or more concentrations on the first day of 
the fishing period, then the fleet simply moves to the first concentration discovered and 
begins fishing there. Otherwise, the fleet itself begins searching for concentrations. I 
assume that each vessel in the fleet has both echosounder used for targeting on swarms 
during the fishing process and a forward looking sonar with a detection width of 500 m on 
either side of the vessel track used for search for concentrations and that the fishing vessels 
can also search at 10 n miles/hr. If the fleet must search for a concentration, the following 
procedure is applied. All concentrations within 24 hours steaming of the current position of 
the fleet are identified. The five vessels are assumed to search independently for 
concentrations and the time to detect an individual concentration is assumed to follow an 
exponential distribution with parameter proportional to the search speed and inversely 
proportional to the area of the habitat in which the vessel is operating. Thus, more than one 
concentration may be discovered; I assume that the first one discovered is the one that the 
fleet moves to. Detection of a concentration is determined by drawing a random number from 
the appropriate distribution. If at least one concentration is detected, then the concentration 
selected for fishing is determined by a weighted measure of the distance between the fleet and 
the different concentrations within 24 hours steaming. If no concentrations are detected, the 
fleet moves towards the center of habitat H1• 

(ii) Within Concentration Search by Individual Vessels: 
The Swarm Encounter Model 

Once the fleet has encountered a concentration, individual vessels begin searching for 
swarms within the concentration. This section contains a description for the search by 
vessels for individual swarms. Since there are 36 concentrations, with about 4 500 
swarms in each concentration, there are of the order of 162 000 swarms in the entire 
sector. Very few of these swarms will be fished, since the fishing period only lasts 14 days 
and I will assume (in the next section) that each fishing vessel makes no more than 11 hauls 
per day. Thus, tracking the location of each swarm is unnecessary, and consumes valuable 
computer time and memory. In order to save memory space in the computer and speed the 
running of the model, I adopt the following procedure for modelling the within concentration 
search behavior of individual vessels. First, a detailed model of the within concentration 
search behavior of the vessels will be described. This search model is called the swarm 
encounter model and provides parameter estimates that are used in the fishing model of the 
next section. The model described here actually tracks the detailed motion of a vessel and all 
4 500 swarms in a concentration. In the next section, I use the distributions and 
parameters developed in this section, so that vessel positions and swarm locations do not need 
to be tracked. 

To begin, consider a concentration that has characteristic radius 8.5 n miles and 
contains about 2 500 swarms. A vessel in this concentration searches at a speed of 
2 n miles/hr and uses a sonar with a detection width of 35 m on either side of the vessel. 
The vessel starts its search at a randomly chosen point in the concentration. The swarms are 
randomly located within the concentration, swarm radii are log-normally distributed . 

Time is explicitly considered in this encounter model, using increments of dt = .01 
hours. Both the vessel and swarms of krill are assumed to use "random tour" models 
(Washburn 1969). Thus, let (xAt), yv(t)) and (Xj(t), yj(t)) denote respectively the 
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positions of the vessel and the jlh swarm of krill at time t. The dynamics of the motion of the 
vessel are 

Xv (t+dt) 
yv(t+dt) 

xv(t) + 4000 cos (9) dt 
Yv (t) + 4000 sin (9) dt (9. 1 ) 

where 9 is the direction of search. When t= 0, the value 9 = 45° is chosen. Until a detection 
occurs, every 10 dt hours the direction of search is changed to a new direction, within 30° 
of the previous direction. The only constraint on the motion in Eqn (9.1) is that the vessel 
is not allowed to leave the concentration. The 4 000 in Eqn (9.1) is the vessel speed and dt 
is the time increment. 

Similarly, the dynamics of the center of a swarm are given by 

Xj(t+dt) = Xj(t) + 540 cos (co) dt 
y j(t+dt) = Yj(t) + 540 sin (co) dt (9.2) 

where the co denotes the direction of motion of the swarm of krill. I assume that in each time 
interval , co is randomly chosen in the range [0°, 360°]. 

Detection of a swarm of krill occurs when the distance between the vessel and the 
center of the swarm is less than the sum of the radius of the swarm and the detection width of 
the sonar. Since initial location of the swarms and vessel and motion of the swarms and 
vessel involve random components, the detection times will also be random variables. With 
the same initial conditions, the encounter model can be iterated many times using Monte 
Carlo simulation. Hence introduce the detection time distribution function F(t) defined by 

F(t) = Fraction of iterations in which the detection occurred before time t (9.3) 

The distribution F(t) was determined by simulation, choosing a wide variety of initial 
conditions on swarm numbers (ranging from 200 to 8 000). In all of the cases studied, the 
empirical distribution was fit well by an exponential distribution of the form 

F(t) = 1 - exp(-~t ) (9.4) 

The mean time to detection for the expotential distribution is 1/~. A "base case" for the 
swarm encounter model was chosen with the following parameters: 

• Number of swarms = Nbase = 2 500 
• Concentration radius = ~ase = 8.46 n miles 
• Characteristic swarm radius = rbase = 50 m. 

For this case, the mean time to detect a swarm was .0356 hours and the fit between the 
empirical distribution (based on 110 iterations) and the exponential model is shown below: 

Detection interval 

o - .05 hours 
.06 -.1 hours 
.11 - .15 hours 
> .16 hours 

Fraction of Detections in the Detection Interval 

Encounter Simulation 

.70 

.082 

.064 

.154 

Exponential Model 

.75 

.185 

.045 

.02 

These results show that the exponential distribution underweights the likelihood of longer 
detection times. 
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The exponential distribution arises in the famous random search formula. This 
formula is based on two assumptions: 

1. The time to detection is exponential distributed, so that Prob {detection time < t } 
= 1 - exp(-~t). 

2. The parameter ~ is given by the formula ~ = Wv/A, where W is the detection 
width of the vessel's sonar, v is the speed of the vessel and A is the area in which 
the vessel is searching. 

In this document, the first assumption is retained but the second assumption is 
dropped and is replaced as follows. Let ~base = .05 hours denote the approximate value of the 
parameter ~ when the base parameters are used. Consider a concentration of radius L 
containing Ns swarms in which the characteristic swarm radius is r. The detection 
parameter for the concentration is assumed to be given by 

~ = ~base (Ns/NbaseH Lbasel L) 2( [Wecho + rexp(.605)]1 [Wecho + rbaseexp(.605)]) 
(9.5) 

In this equation, Wecho is the detection width of the echosounder and the term exp(.605) 
comes from the expectation of the log-normally distributed swarm radius. The logic behind 
this equation is the following: the rate of detections should increase as the number of swarms 
increases or the detection width increases (either from the echo sounder or changes in 
swarm radius) and should decrease as the area increases. 

The actual search time for a swarm will consist of (i) an encounter time tene 
following the exponential distribution described above and (ii) an identification time tid in 
which the signal is determined to be an actual swarm. I assume that identification time 
consists of a fixed period of 2 minutes and a variable period given by variable 
tid = 5(1-exp(-Bs/10)) min, where Bs is the biomass of the encountered swarm, 
measured in tonnes. 

Even so, the encounter and total detection time described above appear to be 
considerably less than what we can infer from logbook data. Consequently, following 
Butterworth (1987), a selectivity process is introduced. An encountered swarm with 
biomass Bs is accepted for fishing only if its biomass exceeds a threshold. In particular, the 
encountered swarm is accepted for fishing only if Bs> Bthreshold exp(X.2). Here Bthreshold 
is the basic value for the threshold (set to be 50 tonnes in the base case) and X 2 is a 
normally distributed random variable with mean 0 and variance 0.2. 

(iii) Fishing Submodel 

It is now possible to describe the fishing submodel. The setup is as follows: The 
entire fleet is located in a single concentration, ready to begin fishing. Although the vessels 
are assumed to search cooperatively and pool catches when making decisions about leaving 
concentrations, the micro-operations of the vessels (Le. individual trawls) are treated 
independently. It is thus sufficient to consider a single vessel, with the understanding that 
the modelling process for the fishing of one vessel is repeated 5 to include all vessels of the 
fleet. (Naturally, the vessels are treated independently. This means independent draws of 
random variables during the simulation.) 

Fishing is assumed to take place in periods of 24 continuous hours of daylight. Even 
so, there are limits to the number of hauls and the total catch per vessel. I assume that the 
vessels make no more than 7 hauls per 24 hours and that because of processing constraints, 
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the vessels draw their nets when the nets contain 20 tonnes of krill. Thus, the maximum 
catch by a single vessel is 140 tonnes per day, or 700 tonnes for the entire 14 day fishing 
period. The maximum catch for a fleet of 5 identical vessels is thus 9 800 tonnes for the 14 
day period. 

I assume that if the fleet is already within a concentration, each fishing day starts 
with the search for swarms. At the start of the day, the operational time remaining, which 
is denoted by T R , is 24 hours. The time until a swarm is detected, which is denoted by 
T search, is determined as described above. After a swarm is detected and selected for fishing, 
the vessel lowers its net. In light of the mean surface density (150 g/m2), it will usually be 
true that more than one swarm is fished per haul of the net. To take this into account, I use 
the Poisson approximation to the binomial to determine the number of additional swarms 
within 35 m of the vessel as it tows for a maximum of 8 n miles. After a swarm is fished, 
the distance travelled to reach the next swarm is uniformly distributed and is determined by 
the inter swarm center to center distance (computed from the number of swarms and 
characteristic radius of the concentration). The haul ends when either (i) more than 4 n 
miles have been traversed with the net in the water , or (ii) more than 20 tonnes are in the 
net (presumed to be estimated from the echosounder). The 4 n miles limit is applied with 
liberty (although it rarely ever is binding). 

The actual catch is computed by considering a the tow of a net through a circular 
swarm. I assume that the towed area can be modelled by a rectangle, that the width of the net 
is 20 m, so that the maximum area swept is the net width times the diameter of the swarm, 
i.e. the maximum area swept is 20x 2x r = 40 r m2. (This assumes that diameter of the 
swarm exceeds 20 m and must be modified if the diameter of the swarm is less than the 
width of the net. In general, 40r m2 is replaced by 2r min(20,2r) m2. 

The time spent towing is determined in the following way. The vessel's speed while 
towing is assumed to be Vtow = (2.5 + 2 U) m/hour, where U is a random variable 
uniformly distributed on the interval [0,1]. The tow through a swarm with radius rij takes 
(2ri/Vtow) hr. Let dij denote the distance between swarm j in concentration i and the next 
swarm fished. I assume that the tow time is given by 

(9.6) 

The summation on the right hand side of Eqn (9.6) is the total time to tow through all of the 
swarms. 

At the end of a tow, the net is hauled. I assume a hauling/veering rate of 150 m/hr 
and use the empirical distribution of depths from the Soviet data to randomly select an 
associated veering/hauling time. After the net is brought on board, the vessel has a period of 
"dead time" in which processing occurs. Dr Ichii (personal communication) provided the 
following information on processing time: 

Catch per haul (tonnes) 
o - 10 

11- 15 
> 15 

Processing time (hours) 
1.5 
2.0 
2.5 

The time remaining is then decremented by the total of search time + trawl time + 
hauling time + processing time. This fishing model is repeated for each vessel each day until 
either time remaining reaches 0 or the number of hauls exceeds 7. The model is then 
repeated for the entire fleet for 14 days of fishing. The data generated by this submodel are 
search times, tow times, and catch times. 
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(iv) Fleet Decision and Bad Weather Models 

Dr Ichii (personal communication) kindly provided information on fleet decisions and 
on bad weather. Based on this information, I assume that at the end of each day the daily 
value of catch/haul is computed. If this value exceeds 3 tonnes/haul, then the fleet stays in 
the current concentration. If the daily value is below 3 tonnes/haul, then the fleet exits the 
current concentration and begins search for another concentration. 

Dr Ichii also provided data on the frequency and duration of bad weather experienced 
in operations by JAMAC between 1973-74 and 1985-86. Based on these data, the 
probability of bad weather terminating fishing is assumed to be .02. If bad weather does 
occur, the duration of the bad weather spell is one day with probability .68., two days with 
probability .28 and three days with probability .04. I assume that if bad weather occurs, 
the fleet is displaced 50 n miles from the concentration in which it was fishing and that the 
fleet must search for a concentration at the end of the bad weather period. 

1 O. GENERAL CONSIDERATIONS ON ABUNDANCE INDICES 
FOR PELAGIC, SCHOOLED STOCKS 

This chapter contains a general discussion of considerations for a theory of abundance 
indices for pelagic, schooling species. Particular indices will be developed and employed in 
the next chapter. The objective here is to discuss desirable properties of indices and also to 
discuss. how indices can be used to detect changes in abundance. 

The general question is how one develops a biomass index (or indices) with the 
following desirable properties: 

• Consistency: Changes in actual abundance and changes in the index should always be 
in the same direction. This is crucial for a system such as the Southern Ocean 
krill fishery in which many parameters determine ultimate abundance and more 
than one parameter may change at a time. 

• Linearity: Changes in actual abundance should be reflected by proportional changes 
in the index. 

• Small variability: The inherent variability in the index should be small, so that 
the probability of detecting changes in the index is large. 

For the underlying "patches within patches" system as described here, a biomass 
estimate Best should take the form: 

Best = (Number of Concentrations) (Swarms Per Concentration) (Biomass Per Swarm) 
(10.1) 

The number of concentrations can clearly be estimated from the data generated by the 
research/survey vessel, so let us consider estimates of swarms per concentration and 
biomass per swarm. 

1 0.1 Estimating Swarms per Concentration 

The exponential model for detection of swarms is equivalent to the assertion that when 
Ns swarms are present 

Prob{ detect one swarm by time tiNs swarms are present} = 1 - exp(j3tNs) (10.2) 
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so that the expected value of the search time tsrch before a swarm is detected is 

E{tsrch} = 1/ ~Ns (10.3) 

Eqn (10.3) suggests that the number of swarms present in a concentration could be 
estimated by 

Ns,est = 1/~E{tsrch} (10.4) 

Note that when the exponential distribution is used, the expected value of 1/tsrch does not 
exist. That is, 1000 (1/t)~Nsexp(-~Nst) dt is infinite. 

The actual search model described above has a fixed identification time, which means 
that the minimum value of tsrch = tid fixed (which is 2 minutes here). This would lead one to 
consider changing the exponential distribution in Eqn(10.2) and replacing it by 

F(t) = Prob{ detection in search time $; t} = 

(10.5) 

The search process is now a renewal process and the mean search time (including detection 
as part of the search process ) is 

so that the estimate for the number of swarms becomes 
N s,est = [b(E{tsrch} - tid )]-1 

(10.6) 

(10.7) 

These considerations show that reciprocal search times may play an important role in 
estimating the number of swarms per concentration. 

10.2 Estimating Biomass/Swarm 

"Conventional" wisdom suggests that biomass/swarm can be accurately estimated by 
some measure of catch rate, e.g. catch per towtime. Such thinking is based on the 
fundamental premise that the sampled organism is smoothly distributed over the region of 
interest. For a highly aggregated stock, in which there may be big gaps between swarms, 
catch per towtime may be a very poor estimator - severely under-diasing estimates of 
swarm biomass. Alternatives such as catch per selected swarm, catch per fished swarm or 
catch per encountered swarm may be much better. 

10.3 Detecting Changes in Abundance Indices 

Suppose now that the same abundance index (e.g. catch/swarm) has been computed in 
two different situations (e.g. the situation in which all parameters assume their base case 
values and the situation in which one of the parameters, say characteristic radius, is 
changed). Let Xb denote the abundance index for the base case parameters and Xc denote the 
abundance index when the parameters are changed. The simulation model described in the 
previous section allows one to compute an entire distribution for Xb and Xc. From that 
distribution, the following information is extracted: 
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• The mean values of the abundance indices. These are denoted by I1b and Jlc 
respectively. 

• The standard deviations of the abundance indices. These are denoted by O"b and o"c 
respectively. 

• The ranges of the abundance indices observed in the simulation. For the base case, 
the lowest value of the abundance index will be denoted by Xlb,sim and the greatest 
value by xub,sim. For the case in which parameters are changed the extremes will 
be denoted by Xlc,sim and xuc,sim respectively. 

We are interested in detecting changes in the abundanoe indices. One natural, and 
obvious measure is a comparison of the means, so that one would consider the ratio ~J~b' 
This was done, for example, by both Butterworth (1987) and Mangel (1987). Various 
statistical tests can be applied to determine the likelihood that the two means came from the 
same underlying distribution. There is , however, a fundamental problem with using such a 
test. In real life, one value of the abundance index will be observed. That is, the Southern 
Ocean fishery will not be "replicated" fifty times over in a single year. Thus, even if the 
abundance indices for the base case and changed parameter case do arise from different 
distributions, a particular value of the index in the changed parameter case may be very 
close, say, to the mean of the index for the base parameter case. It is here that the observed 
ranges of the abundance indices become so important. 

In general, there will be overlap of the ranges, as shown below: 

Base Parameters 

Xlb,sim Xub,sim 

Changed Parameters 

Xlc,sim Xuc,sim 

For this situation, the overlap region consists of values of the abundance indices in the range 
Xlb,sim to Xuc,sim. In addition to comparing the means of the abundance indices, one wants to 
compute the probability that a shift can be detected., Two methods for computing the 
probability of detecting a change will now be described. . 

The first method could be called a "non-parametric" or simulation based computation. 
In this case, 

Prob{detect a change in abundance indices} 
1 - [Number of Data Points in the Overlap Region ]/Total Number of Simulations 

(10.8) 

That is, one simply counts the number of simulation iterations for the case of changed 
parameters in which the abundance index falls within the range [Xlb sim' xub sim] and divides , , 
this by the total number of simulation iterations. The resulting value is the fraction of 
simulation iterations for changed parameters in which the abundance index falls in the range 
of base case parameters. The probability of detecting a change is defined as 1 minus this 
fraction. 

The second method for computing the probability of detecting a change in abundance 
indices is based on a normal approximation. That is, one assumes ad hoc that the abundance 
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indices are normally distributed with the mean and standard deviation observed in the 
simulations. Since a normal distribution with mean J.L and variance 0' has more than 99% of 
its probability mass concentrated in the interval [J.L - 30', J.L + 30'], the ranges for the base 
case are redefined as: 

(10.9) 

Given these new ranges and J..lc and Se, the probability of detecting a change in this case is 
defined as 

Prob{detect a change in abundance indices} 
= 1 - Prob{ a point from the normal distribution with mean and 

standard deviation J.Le and O'e falls in the range [Xlb, Xub] 

A small computation shows that 

Prob{detect a change in abundance indices} 
=1- { <I>([Xub - J.Le]/O'e} - <I> ([Xlb - J..lc]/O'e}} 

(10.10) 

(10.11) 

where <I>(z} is the cumulative distribution function for a normally distributed random 
variable with mean 0 and variance 1. 

11 . ABUNDANCE INDICES FOR THE SOUTHERN OCEAN 
KRILL FISHERY MODEL AND BASE CASE RESULTS 

In this chapter, 44 different abundance indices that could be computed from fishery 
generated data are described along with the mean, standard deviation and range for the base 
case parameters. These values are computed from 50 iterations of the simulation model. 

Total catch (tonnes). This is the total catch by the 5 vessels over the 14 day 
fishing period. 

Mean 

4642 

Standard Deviation 

428 

Range 

2585,5270 

Total number of hauls. This is also the total number of swarms that were 
selected for fishing. 

Mean 

394 

Standard Deviation 

30.7 

Range 

230,418 

Total number of swarms fished. This index is based on the assumption that the 
vessels can identify individual swarms during the fishing process. 

Mean Standard Deviation Range 

2088 195 1192,2392 

Total number of swarms encountered. 

Mean Standard Deviation Range 

7268 596 4214,7888 
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water. 
Total towtime (hours). This is the total time that the vessels have nets in the 

Mean 

415 

Standard Deviation 

32.5 

Range 

252,451 

Total searchtime (hours). This is the total time that the vessels are searching 
for krill. 

Mea!:!. 
429 

Standard Deviation 

36.7 

~ 

255,473 

Total reciprocal searchtime (1/hours). This is the total of the reciprocal of 
times spent searching for krill. 

Mean 

813 

Standard Deviation 

87.2 

Range 

425,1002 

Total number of discoveries by the research/survey vessel. 

Mean 

11.6 

Standard Deviation 

3.5 

Number of different concentrations fished. 

Mean 

1.2 

Standard Deviation 

.523 

Range 

3,21 

Range 

1,4 

Total catch per total towtime. (tonnes/hour). This index is computed by 
dividing the total catch by the total towtime. 

Mean 

11.2 

Standard Deviation 

.434 

Range 

10.1,11.8 

Average catch per towtime (tonnes/hour). This index is computed by 
averaging over individual hauls within a simulation iteration the quantity {catch/towtime}. 

Mean 

13.6 

Standard Deviation 

.575 

Range 

12.3,14.5 

Average catch per searchtime (tonnes/hour). This index is computed by 
averaging over individual hauls within a simulation iteration the quantity 
{catch/searchtime}. 

Mean 

24.2 

Standard Deviation 

1.93 

Range 

20.2,30.3 

Average of catch per towtime per searchtime (tonnes/hour2). This index 
is computed by averaging over individual hauls within a simulation iteration the quantity 
{( catch/towtime )(1/searchtime)). 
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Mean 

27.8 

Standard Deviation 

2.52 

Range 

22.8,35.5 

Catch per day (tonnes/day). This index is computed by dividing total catch by 
the length of the fishing period. 

Mean 

332 

Standard Deviation 

30.6 

Range 

185,376 

Catch per haul (tonnes). This index is computed by dividing the total catch in a 
simulation iteration by the total number of hauls in that simulation iterations. 

Mean 

11.8 

Standard Deviation 

.422 

Range 

10.8,13.0 

Hauls per concentration discovered. This index is computed by dividing the 
total number of hauls in a simulation iteration by the total number of concentrations 
discovered by the research/survey vessel and fleet. 

Mean 

38.6 

Standard Deviation 

18.4 

Range 

11.5,134 

Fraction of swarms selected. This index is computed by dividing the total 
number of hauls by the total number of swarms encountered. 

Mean Standard Deviation Range 

.054 .0019 .0503, .0595 

Average trawl length (n miles). 

Mean Standard Deviation Range 

1.37 .033 1.31,1.44 

Discoveries times catch (104 tonnes). This index is computed by multiplying 
the total number of concentrations discovered by the survey vessel and fleet and the total 
catch. 

Mean 

5.35 

Standard Deviation 

1.61 

Range 

1.44,9.63 

Discoveries times hauls times catch (107 tonnes). This index is computed 
by multiplying the total number of concentrations discovered by the total number of hauls 
and by the total catch. 

Mean 

2.12 

Standard Deviation 

.682 

Range 

.576,3.85 

Discoveries times catch per towtime times swarms fished 
(10 5 tonnes/hour). This index is computed by multiplying the total number of 
discoveries by the total catch and by the total of swarms fished and dividing by the total 
towtime. 
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Mean 

2.69 

Standard Deviation 

8.17 

Range 

.663,4.88 

Discoveries times average catch per towtime times swarms fished 
(10 5 tonnes/hour). This index is computed by multiplying the total number of 
discoveries by the average catch per towtime and by the total number of swarms fished. 

Mean Standard Deviation Range 

3.27 .996 .804,6.04 

Average catch per towtime divided by average searchtime (tonnes/hr2). 

Mean Standard Deviation Range 

12.5 .905 10.8,14.7 

Average catch per towtime times average reciprocal searchtime 
(tonnes/hr 2 ). 

Mean Standard Deviation Range 

28.0 2.06 22.7,34.5 

Discoveries times total catch divided by total towtime(tonnes/hour). 

Mean 

129 

Standard Deviation 

39.1 

Range 

32.7,232 

Discoveries times average catch per towtime divided by average 
searchtime (tonnes/hour2). 

Mean 

145 

Standard Deviation 

44.8 

Range 

35.5,255 

Discoveries times average catch per towtime times average reciprocal 
searchtime (tonnes/hour2). 

Mean 

325 

Standard Deviation 

103 

Range 

76.6,605 

Discoveries times average {(catch per towtime) (reciprocal 
searchtime)} (tonnes/hour2 ). 

Mean 

322 

Standard Deviation 

100 

Range 

74,593 

Discoveries times total catch divided by total towtime divided by 
average searchtime (tonnes/hour2). 

Mean 

11 9 

. Standard Deviation 

36.9 

Range 

29.3,206 
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Discoveries times total catch times average reciprocal searchtime 
divided by total towtime (tonnes/hour2). 

Mean 

267 

Standard Deviation 

84.8 

Range 

63.2,84.9 

Discoveries times total catch times number of selected swarms divided 
by total towtime (104 tonnes/hour). 

Mean 

5.07 

Standard Deviation 

1.53 

Range 

1.31,9.23 

Discoveries times average catch per towtime times number of selected 
swarms (104 tonnes/hour). 

Mean 

6.17 

Standard Deviation 

1.86 

Range 

1.59,11.1 

Discoveries times total catch times number of swarms encountered 
divided by total towtime (105 tonnes/hour). 

Mean 

9.35 

Standard Deviation 

2.78 

Range 

2.78,16.9 

Discoveries times average catch per towtime times number of swarms 
encountered (t06 tonnes/hour). 

Mean 

1.14 

Standard Deviation 

.339 

Range 

.287,2.09 

Discoveries times total catch per total towtime times hauls per 
concentration fished (1 04 • tonnes/h ou r). 

Mean 

4.75 

Discoveries times 
concentration fished (104 

Mean 

5.78 

Standard Deviation 

1.81 

average catch 
tonnes/hour). 

Standard Deviation 

2.2 

per 

Range 

1.81,9.23 

towtime 

Range 

1.3,11.1 

times hauls per 

Discoveries times total catch per total towtime times swarms fished 
per concentration (105 tonnes/hour). 

Mean 

2.52 

Standard Deviation 

.964 

Range 

.602,4.88 

Discoveries times average catch per towtime times swarms fished per 
concentration (10 5 tonnes/hour). 
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Mean 

3.06 

Standard Deviation 

1.17 

Range 

.724,6.04 

Total catch per total hauls divided by average searchtime 
(tonnes/hour). 

Mean 

10.8 

Standard Deviation 

.685 

Range 

9.24,12.8 

Discoveries times total catch per total hauls divided by average 
searchtime (tonnes/hour). 

Mean 

122 

Standard Deviation 

39.1 

Range 

40.4,207 

Total catch per swarms fished per average searchtime (tonnes/hour). 

Mean 

2.03 

Standard Deviation 

.088 

Range 

1.88,2.3 

Discoveries times total catch per swarms fished per average 
searchtime (tonnes/hour). 

Mean 

22.9 

Standard Deviation 

7.2 

Range 

7.92,37.2 

Catch per swarms encountered per average searchtime (tonnes/hour). 

Mean 

.581 

Standard Deviation 

.0445 

Range 

.483,.695 

Discoveries times catch per swarms encountered per average 
searchtime (tonnes/hour). 

Mean 

6.56 

Standard Deviation 

2.14 

Range 

2.21,11.3 

1 2. PERFORMANCE OF THE INDICES IN DETECTING CHANGES IN KRILL BIOMASS 

This chapter contains results on the efficacy of the different abundance indices in 
detecting changes in krill abundance. Krill abundance will change if any of the basic 
parameters change. 

Biomass is indexed by the product of characteristic parameters: 

Two types of parameter changes were implemented. First, only one parameter was changed 
at a time, leading to drops in biomass to either 2/3 or 1/3 of the base case level. This was 
done by changing the parameters as follows: 
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• Le multiplied by -{2j3 or -Y 1 /3 

• re multiplied by -{2j3 or -Y 1 /3 
• oe multiplied by 2/3 or 1/3 
• Ne multiplied by 2/3 or 1/3 
• De multiplied by 2/3 or 1/3. 

The multiplicative factor is 2/3 (1/3) or -Y 2/3 (-Y 1/3) depending on the way that the 
parameter enters into the determination of biomass (linearly or squared). 

Second, more than one parameter was changed simultaneously, leading to changed 
biomass levels that ranged from 0.2 to 1.2 times the biomass in the base case. The 
parameter values for these cases are shown in Table 12.1 (the base case parameters are also 
shown, for easy reference). 

Finally, the effect of adaptive behavior by the fishing fleet was studied by considering 
changes in the threshold for accepting a krill swarm for fishing. The other two values of the 
threshold used were Bthr = 40 tonnes and Bthr = 0 tonnes. Naturally, changing the threshold 
for accepting swarms does not change the underlying krill biomass, but it may change the 
abundance indices and thus lead to a belief that the underlying biomass was indeed changed. 

Tables 12.2 to 12.46 show the results. Shown in these tables are the biomasses 
relative to the base case, the ratio of the mean abundance index for the changed parameters 
(Ile) to the mean abundance index for the base case parameters (Ilb) and the probability of 
detecting the change in biomass based on the simulation (non-parametric) and normal 
approximation calculations described previously. 

13. DISCUSSION OF THE SIMULATION RESULTS 

When considering the results presented in the last chapter, it is useful to separate 
changes in biomass index caused by changes of within concentration parameters (that is De' 
re and oe) and changes of between concentration parameters (Le and Ne). No single index is 
capable of tracking both kinds of changes. Study of the results leads to the following 
conclusions: 
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• Many of the indices are ineffective for tracking changes in krill abundance because 
they have inconsistent changes (both increases and decreases in the abundance 
index or no change in the abundance index) with the biomass index. 

• Even those indices that do exhibit consistent changes also exhibit the problem of 
"convexity": a change of biomass index to 213 or 1/3 of the base case leads to a 
ratio of Ildllb that is greater than 2/3 or 1/3. That is, the abundance indices are 
not linear in the biomass index. 

• Even those indices for which Ildllb is considerably less than 1 and close to 2/3 or 
1/3 may have a small probability of detecting the shift. This is caused by the 
large variability in the abundance indices for fixed krill distributional 
parameters. 

• Simple indices appear to perform better than more complicated indices. This is 
true at two levels. For example, the index 

(Total Catch / Total Towtime )/ Average {Searchtime} 
performs better than the index 



Average { (Catch/Towtime) / {Searchtime } 
where the average is taken over individual hauls. Similarly, indices in which the 
number of discoveries is multiplied by a within-swarm abundance index perform 
more poorly than indices without that multiplier (compare Tables 12.40, 12.42 
and 12.44 with Tables 12.41, 12.43 and 12.45 ). 

• Although a number of abundance indices are effective in tracking changes in 
biomass caused by single changes in parameters, none is effective when many 
parameters change at once. This is caused by the confounding effects of multiple 
changes in parameters. This suggests that determining the most likely sources of 
biomass change is an important future project. That is, effort should be spent 
determining the parameters that are most likely to change and the directions in 
which they will change. 

• The most effective tracking of krill abundance could be done with the following 
abundance indices: 

1. Use the number of discoveries by the survey vessel to track changes in the 
number of concentrations and the characteristic radii of concentrations. 

2. Use one of the following indices to track within concentration changes of 
swarm density and krill abundance within swarms: 

(Total Catch / Total Hauls) / Average{Searchtime} 
(Total Catch/Swarms Fished) / Average{Searchtime} 
(Total Catch/Swarms Encountered)/ Average{Searchtime}. 

Note that since the total number of hauls equals the number of swarms selected for 
fishing, all of these indices have the form catch per "swarm" per searchtime. 
This is consistent with the theoretical concepts presented in Chapter 10. 

• The adaptive behavior of fishing vessels may be important for the accurate 
interpretation of abundance indices. For example, a changing threshold for 
acceptance of a swarm for fishing or a changing catch continuation parameter 
might drastically effect abundance indices and lead to inaccurate interpretations of 
their meaning. Refishing might also affect abundance indices, depending upon the 
effectiveness of the search procedure during refishing (Butterworth 1987, 
Mangel 1987) 

1 4. CONCLUSION AND RECOMMENDATIONS 

Although the model developed in the body of this report contains many operational 
uncertainties (e.g. what exactly is search time), it is still possible to make a number of 
recommendations. In particular the following are suggested: 

1. Fishing and survey vessels should indicate in their log books approximately how 
much of the between trawl times are spent in search for swarms of krill. If 
possible, vessels should indicate the number of swarms fished in a haul. This 
would require a consistent definition of swarm (in terms of sonar ping threshold, 
for example). 

2. CCAMLR should consider an "experiment" in which a research vessel and a fishing 
fleet travel together, but work independently. In particular, the fishing fleet 
should operate as if the survey vessel were not present, and the survey vessel 
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should conduct krill surveys in the vicinity of regions in which the fleet fishes. 
By doing this, one can obtain a distributional model for krill that are considered 
fishable by the fleet. 

3. If a detailed operational model of krill fisheries is desired, CCAMLR should 
consider sending a Ph.D. level modeller to sea with the fleets. This is in the best 
traditions of operational analysis (see, e.g. Tidman 1984) and most likely is the 
only way that accurate operational models can be developed. In particular, such a 
field assignment will lead to accurate understanding of the role of search in the 
overall fishing operation and to an accurate understanding of operational fishing 
decisions. 

4. The following indices can be used, at least temporarily, to track krill abundance: 

( a) Use the number of discoveries by the survey vessel to track changes in the 
number of concentrations and the characteristic radii of concentrations. 

( b) Use one of the following indices to track within concentration changes in 
swarm density and krill abundance within swarms: 

(Total Catch / Total Hauls) / Average {Searchtime} 
(Total Catch/Swarms Fished) / Average {Searchtime} 
(Total Catch/Swarms Encountered) / Average {Searchtime}. 
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Table 2.1: 8ummary of 80viet Cruise 80urces 

Data 8et Vessel Name Region Period Number of 
Records 

1 Akademik Knipovich 12.60E - 560 W 5.3.81- 92 
52.1°8 -69.808 23.5.81 

2 Akademik Knipovich 46.10W-135.70W 20.3.82-
60.308 - 69.308 7.5.82 39 

3 Akademik Knipovich 27.50E-67.70E 12.1.84-
48.1°8 -6908 29.3.84 177 

4 Odyssey 35.30W -55.70W 9.1.81-
53.608 -61.308 19.3.81 39 

5 Professor Derugin 59.50E -94.50E 15.1.81-
61.708 -6908 20.4.81 417 

6 Professor Derugin 61.20E -112.4°E 18.2.82-
62.908 -67.108 5.5.82 188 

7 Argus 32.30W -390W 23.4.81-
51.1°8 -54.508 27.6.81 229 

8 Argus 44.20W -55.60W 27.1.84-
59.408 -6108 8.4.84 236 

9 Globus 56.90E - 68.4°E 2.2.84-
60.508 - 6708 9.4.84 306 

1 0 Mys Dalniy 105.60E -163.90E 7.2.84-
64.30 8 - 72.108 29.4.83 65 

1 1 Mys Unony 135.50E - 172.80E 20.1.82-
65.108 -77.908 9.4.84 47 

1 2 Mys Tihiy 116.70E -167.60E 2.1.81-
640 8 - 68.408 8.4.81 155 
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Table 2.2: Net Characteristics of the Vessels 

Trawl Mouth Effective Mesh Mesh Bar 
Length (m) Trawl Mouth Size (mm) Length 

Section (m2) (mm) 

Akademik Knipovich 87.6 49 40 20 

Odysssey 36.6 78 40 20 

Argus 66 163 40 20 

Professor Derugin 49.5 26 35 1 2 

Globus 110 72 35 1 2 

Mys Dalniy 77.4 50 35 1 1 

Mys Unony 77.4 50 35 1 1 

Mys Tihiy 77.4 50 35 1 1 
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Table 3.1: Summary of Means and Variances of Quantities Derived from Soviet Data. (See 
text for a full discussion of how to read the table.) 

Quantity Data Set 

1 2 3 4 5 6 

Trawls per day 1.78,.91 2,.73 2.8,1.6 1.3,.44 4.6,2.4 4.5,2.4 

Trawling depth 44.9,22.2 64,54 66,47 80,45 20.3,15.3 37,21 
(meters) (58,4) 

Trawling Speed 4.3,.32 2.8,.26 3.4,.5 2.9,1 2.7,.26 2.9,.22 
(knots) 

Trawling time 1.0,.65 1.1,.52 .89,.53 1.2,.71 1.1,.52 .72,.52 
(hours) (1.8,3) (1.3,13) (.87,1) 

Trawling length 3.7,1.8 3.1,1.4 2.9,1.7 2.9,2.2 3.0,1.5 2.1,1.6 
(n miles) (4.5,24) (3.6,3) (3.1,8) (5.4,10) (3.3,12) 

Krill Catch 8391, 4053, 2386, 4505, 4008, 5814, 
(tonnes) 5822 3097 2906 3778 8147 3983 

Krill Size (mm) 45,3.5 48,3.6 44,3.7 51,2.9 No data 39,3.6 

Between Trawlings 11.4,8.8 9.0,9.0 7.2,6.2 14,8.2 4.6,7.2 4.2,5.2 
Time (hours) (17,8) (24.6,6) (10.8,6) (36.4,11) 

Between Trawlings 18,15.4 6.5,7.6 25.7,17.8 18.5,17.4 13.2,18.5 5.6,9.9 
Movement (41,13) (58,12) (60,36) (54,5) (20,19) 

(n miles) 

Quantity Data Set 

7 8 9 1 0 1 1 1 2 

Trawls per day 3.5,1.9 3.4,1.3 5.7,4.9 2.6,1.3 2.7,2.6 3.2,1.9 

Trawling depth 43,36 88.6,27 17,15.7 17.3,16.6 52,45 26,14 
(meters) 

Trawling Speed 3.3,.24 3.5,.14 3.0,.17 2.8,.22 3.6,.28 2.7,.32 
(knots) 

Trawling time 1.41,.86 .77,.66 .9,.9 1.4,.4 2.3,.76 1,.6 
(hours) (.93,2) (1.1,11) (2.8,5) (1.2,3) 

Trawling length 3.8,1.9 2.2,1.3 2.2,2.1 4.0,1.4 5.7,1.4 2.7,1.7 
(n miles) (4.8,34) (3.0,16) (3.3,8) (4.3,3) (10,30) (3.4,6) 

Krill Catch 4133, 2534, 7193, 2192, 10435, 3512, 
(tonnes) 4081 5035 4876 2364 8123 3205 

Krill Size (mm) 39,3.6 48,4.2 No data No data No data No data 

Between Trawlings 5.8,7.6 5.6,4.6 3.0,4.3 7.4,10.3 6.2,8.0 6.5,8.9 
Time (hours) (6.4,1) (5.8,1) (4.6,7) (18,14) (24,6) (13,9) 

Between Trawlings 9.6,12.8 21.8,15.6 5.6,9.9 15.2,20.5 10,14 12,20 
Movement (11.6,3) (25,4) (10.6,5) (83,9) (29,3) 
(n miles) (37,15) 
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Table 3.2: Correlations for Data Set 1, all Data Used (see text for a discussion of how to 
read the table) 

Quantities TT TL KC BTM BTT D L 

TT + + 0 0 0 0 
+ + + 0 0 0 

TL + + 0 0 0 0 
+ + + 0 0 0 

KC 0 0 + 0 0 0 
+ + 0 0 0 0 

BTM + + 0 0 
+ 0 0 0 

BTT 0 0 0 + + 0 0 
0 0 0 0 0 0 0 

D 0 0 0 0 + 0 
0 0 0 + + 0 0 

L 0 0 0 0 0 0 + 
0 0 0 0 0 0 + 

Table 3.3: Correlations for Data Set 1, Cutoff Values applied (see text for a discussion of 
how to read the table) 

Quantities TT TL KC BTM BTT D L 

TT + + 0 0 0 
+ + + 0 0 

TL + + + 0 0 0 
+ 0 0 0 0 

KC 0 0 + 0 0 
+ 0 0 0 0 0 

BTM 0 + + 0 0 
0 0 + 0 0 0 

BTT 0 0 + + 0 0 
0 0 0 0 0 0 

D 0 0 0 0 + 0 
0 0 0 + + 0 0 

L 0 0 0 0 0 0 + 
0 0 0 0 0 0 + 
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Table 3.4: Correlations for Data Set 2, all Data Used (see text for a discussion of how to 
read the table) 

Quantities TT TL KC BTM BTT D L 

TT + + 0 0 0 0 0 
+ + 0 0 0 0 0 

TL + + 0 0 0 0 0 
+ 0 0 0 0 0 0 

KC 0 0 + 0 0 0 0 
0 0 0 0 0 0 0 

BTM 0 0 0 + + + 
0 0 0 0 0 0 0 

BTT 0 0 0 + + + 
0 0 0 0 0 0 0 

D 0 0 0 + + + 
0 0 0 + + 0 

L 0 0 0 + 
0 0 0 0 + 

Table 3.5: Correlations for Data Set 2, Cutoff Values applied (see text for a discussion of 
how to read the table) 

Quantities TT TL KC BTM BTT D L 

TT + + 0 0 0 0 0 
0 0 0 0 0 0 0 

TL + + 0 0 0 0 0 
0 0 0 0 0 0 0 

KC 0 0 + 0 0 0 0 
0 0 0 0 0 0 0 

BTM 0 0 0 + + + 0 
0 0 0 0 0 + 

BTT 0 0 0 + + + 0 
0 0 0 0 0 0 0 

D 0 0 0 + + + 
0 0 0 0 0 0 

L 0 0 0 0 0 + 
0 0 0 0 0 + 
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Table 3.6: Correlations for Data Set 3, all Data Used (see text for a discussion of how to 
read the table) 

Quantities TT TL KC BTM BTT D L 

TT + + + 0 0 0 0 
0 0 0 + + 0 0 

TL + + + 0 0 0 0 
0 0 0 0 + 0 0 

KC + + + 0 0 
0 0 + 0 0 0 

BTM 0 0 + + 0 0 
0 0 0 + + 0 0 

BTT 0 0 0 + + 0 0 
+ + 0 0 + 0 0 

D 0 0 0 0 + 0 
0 0 0 0 0 0 

L 0 0 0 0 0 0 + 
0 0 0 0 0 + 

Table 3.7: Correlations for Data Set 3, Cutoff Values applied (see text for a discussion of 
how to read the table) 

Quantities TT TL KC BTM BTT D L 

TT + + + 0 0 0 0 
0 + 0 0 + 0 0 

TL + + + 0 0 0 0 
0 0 0 0 + 0 0 

KC + + + 0 0 
0 0 + 0 0 

BTM 0 + + 0 0 
0 0 + 0 0 0 

BTT 0 0 0 + + 0 0 
0 0 0 + + 0 0 

D 0 0 0 0 + 0 
0 0 + 0 

L 0 0 0 0 0 0 + 
0 0 0 0 0 0 + 
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Table 3.8: Correlations for Data Set 4, all Data Used (see text for a discussion of how to 
read the table) 

Quantities TT TL KC BTM BTT D L 

TT + + 0 0 0 + 
0 0 0 0 0 0 0 

TL + + 0 0 0 + 0 
0 0 0 0 0 + 0 

KC 0 0 + 0 0 0 0 
0 0 0 0 0 0 0 

BTM 0 0 0 + + 0 0 
0 0 0 0 0 0 0 

BTT 0 0 0 + + 0 0 
0 0 0 0 0 0 0 

D + + 0 0 0 + 
0 0 0 0 0 0 0 

L 0 0 0 + 
0 0 0 

Table 3.9: Correlations for Data Set 4, Cutoff Values applied (see text for a discussion of 
how to read the table) 

Quantities TT TL KC BTM BTT D L 

TT + + 0 0 0 0 0 
0 0 0 0 0 0 0 

TL + + 0 0 0 0 0 
0 0 0 0 0 0 0 

KC 0 0 + 0 0 0 0 
0 0 0 0 0 + 0 

BTM 0 0 0 + 0 + 
0 + + 0 0 + 

BTT 0 0 0 + 0 0 0 
0 0 0 0 0 0 0 

D 0 0 0 0 + 0 
0 0 0 0 0 + 

L 0 0 0 + 0 0 + 
0 0 0 + 0 + 
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Table 3.10: Correlations for Data Set 5, all Data Used (see text for a discussion of how to 
read the table) 

Quantities TT TL KC BTM BTT D 

TT + + 0 + + 0 
0 0 0 0 + 0 

TL + + 0 + + 0 
0 0 0 0 + 0 

KC 0 0 + 0 0 0 
0 0 + 0 0 0 

BTM + + 0 + + + 
0 0 0 + 0 0 

BIT + + 0 + + + 
0 0 0 + 0 0 

D 0 0 0 + + + 
0 0 0 0 0 + 

Table 3.11: Correlations for Data Set 5, Cutoff Values applied (see text for a discussion of 
how to read the table) 

Quantities TT TL KC BTM BTT D 

TT + + 0 0 0 0 
+ + 0 0 0 

TL + + 0 0 0 0 
+ + 0 0 + 

KC 0 0 + 0 0 
0 0 + 0 

BTM 0 0 + + 0 
0 0 0 + 0 0 

BIT 0 0 0 + + + 
0 0 0 + 0 0 

D 0 0 0 0 + + 
0 0 0 0 0 + 
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Table 3.12: Correlations for Data Set 6, all Data Used (see text for a discussion of how to 
read the table) 

Quantities TT TL KC BTM BTT D 

TT + + 0 0 0 0 
0 0 0 0 0 0 

TL + + 0 0 0 0 
0 0 0 0 0 0 

KC 0 0 + 0 0 0 
0 0 + 0 0 0 

BTM 0 0 0 + + 0 
0 0 + 0 0 + 

BTT 0 0 0 + + + 
0 0 0 0 0 0 

D 0 0 0 0 0 + 
+ + 0 0 0 + 

Table 3.13: Correlations for Data Set 6, Cutoff Values applied (see text for a discussion of 
how to read the table) 

Quantities TT TL KC BTM BTT D 

TT + + 0 0 0 + 
+ + 0 0 + 0 

TL + + + 0 0 + 
+ + 0 0 + 0 

KC 0 + + 0 0 0 
0 0 + + 0 

BTM 0 0 0 + + 0 
0 0 0 0 0 + 

BTT 0 0 0 + + 0 
0 0 0 0 0 0 

D + + 0 0 0 + 
+ + 0 0 0 + 
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Table 3.14: Correlations for Data Set 7, all Data Used (see text for a discussion of how to 
read the table) 

Quantities TT TL KC BTM BTT D L 

TT + + 0 0 0 0 0 
+ + 0 0 0 0 0 

TL + + 0 0 0 0 0 
+ + 0 0 0 0 0 

KC 0 0 + 0 0 0 0 
0 0 0 0 0 0 0 

BTM 0 0 0 + + 0 0 
0 0 0 + 0 0 0 

BIT 0 0 0 + + 0 0 
0 0 0 0 0 0 0 

D 0 0 0 0 0 + 0 
0 0 0 0 0 + 0 

L 0 0 0 0 0 0 + 
0 0 0 0 0 0 0 

Table 3.15: Correlations for Data Set 7, Cutoff Values applied (see text for a discussion of 
how to read the table) 

Quantities TT TL KC BTM BTT D L 

IT + + 0 0 0 0 
+ + 0 0 0 0 0 

TL + + + 0 0 0 
+ + 0 0 0 0 0 

KC 0 + + 0 0 0 0 
0 0 0 0 + 0 0 

BTM 0 0 0 + + + 0 
0 0 0 + 0 0 + 

BIT 0 + + 0 
0 0 0 0 0 0 0 

D 0 0 0 0 0 + 0 
0 0 0 + 0 + 0 

L 0 0 0 0 0 0 + 
0 0 0 0 0 0 0 
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Table 3.16: Correlations for Data Set 8, all Data Used (see text for a discussion of how to 
read the table) 

Quantities TT TL KC BTM BTT D L 

TT + + 0 0 0 0 
0 0 0 0 0 0 

TL + + 0 0 0 + 
0 + + 0 0 0 

KC 0 0 + 0 0 0 
0 0 0 0 0 0 

BTM 0 0 0 + + 0 0 
0 0 0 + 0 0 0 

BTT 0 0 0 + + 0 0 
0 0 0 0 0 0 0 

D 0 0 + 0 
0 0 + 

L 0 + 0 0 0 + 
0 0 0 0 0 + 

Table 3.17: Correlations for Data Set 8, Cutoff Values applied (see text for a discussion of 
how to read the table) 

Quantities TT TL KC BTM BTT D L 

TT + + + 0 + 
+ + + 0 + 

TL + + + 0 0 
+ + + 0 0 

KC + + + + 
+ + + 0 + 

BTM + + + 
+ + + 0 

BTT 0 0 + + + 0 
0 0 + 0 0 0 

D + + + 
+ 0 + 

L + 0 + 0 + 
+ 0 + 0 + 
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Table 3.18: Correlations for Data Set 9, all Data Used (see text for a discussion of how to 
read the table) 

Quantities TT TL KC BTM BTT D 

TT + + + 0 + + 
+ + + 0 + + 

TL + + + 0 + + 
+ + + 0 0 + 

KC + + + 0 0 + 
+ + + 0 0 + 

BTM 0 0 0 + 0 0 
0 0 0 + 0 0 

BTT + + 0 0 + 0 
0 0 0 0 0 0 

D + + + 0 0 + 
+ + + 0 0 + 

Table 3.19: Correlations for Data Set 9, Cutoff Values applied (see text for a discussion of 
how to read the table) 

Quantities TT TL KC BTM BTT D 

TT + + + + + + 
+ + + + + + 

TL + + + + + + 
+ + + + + + 

KC + + + 0 0 + 
+ + + 0 0 + 

BTM + + 0 + + + 
+ + 0 + 0 0 

BTT + + 0 + + 0 
0 0 0 0 0 

D + + + + 0 + 
+ + + 0 0 + 
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Table 3.20: Correlations for Data Set 10, all Data Used (see text for a discussion of how to 
read the table) 

Quantities TT TL KC BTM BTT D 

TT + + + 0 0 0 
0 0 0 0 0 0 

TL + + + 0 0 0 
0 0 0 0 0 0 

KC + + + 0 0 0 
0 0 + 0 0 

BTM 0 0 0 + + 0 
0 0 0 0 0 0 

BTT 0 0 0 + + 0 
0 0 0 0 0 0 

D 0 0 0 0 0 + 
0 0 0 + 0 + 

Table 3.21: Correlations for Data Set 10, Cutoff Values applied (see text for a discussion 
of how to read the table) 

Quantities TT TL KC BTM BTT D 

TT + + 0 0 0 0 
0 0 0 0 0 0 

TL + + 0 0 0 0 
0 0 0 0 0 0 

KC 0 0 + 0 0 0 
0 0 + 0 0 

BTM 0 0 0 + + 0 
0 0 0 0 0 0 

BTT 0 0 0 + + 0 
0 0 0 0 0 0 

D 0 0 0 0 0 + 
0 0 0 0 0 + 
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Table 3.22: Correlations for Data Set 11, all Data Used (see text for a discussion of how to 
read the table) 

Quantities TT TL KC BTM BTT D 

TT + + + 0 0 0 
0 0 + 0 0 0 

TL + + + 0 0 0 
0 0 + 0 0 0 

KC + + + 0 0 0 
+ + + 0 0 

BTM 0 0 0 + + + 
0 0 0 + 0 0 

BTT 0 0 0 + + 0 
0 0 0 + 0 0 

D 0 0 0 + 0 + 
0 0 0 + 0 0 

Table 3.23: Correlations for Data Set 11, Cutoff Values applied (see text for a discussion 
of how to read the table) 

Quantities TT TL KC BTM BTT D 

TT + + 0 0 0 0 
0 0 0 0 0 0 

TL + + 0 0 0 0 
0 0 0 0 0 0 

KC 0 0 + 0 0 0 
0 0 + 0 0 

BTM 0 0 0 + + 0 
0 0 0 0 0 0 

BTT 0 0 0 + + 0 
0 0 0 0 0 0 

D 0 0 0 0 0 + 
0 0 0 0 0 0 
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Table 3.24: Correlations for Data Set 12, all Data Used (see text for a discussion of how to 
read the table) 

Quantities TT TL KC BTM BTT D 

TT + + + 0 0 + 
+ + 0 0 0 + 

TL + + + 0 0 + 
+ + 0 0 0 + 

KC + + + 0 0 0 
0 0 0 0 0 0 

BTM 0 0 0 + + 0 
0 0 0 + 0 0 

BTT 0 0 0 + + 0 
0 0 0 + 0 0 

D + + 0 0 0 + 
+ + 0 0 0 + 

Table 3.25: Correlations for Data Set 12, Cutoff Values applied (see text for a discussion 
of how to read the table) 

Quantities TT TL KC BTM BTT D 

TT + + + 0 0 + 
+ + 0 0 0 0 

TL + + + 0 0 + 
+ + + 0 0 0 

KC + + + 0 0 
+ 0 0 0 0 0 

BTM 0 0 0 + + 0 
0 0 0 0 0 0 

BTT 0 0 + + 0 
0 0 0 0 0 0 

D + + 0 0 0 + 
+ + 0 0 0 + 
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Table 12.1: Parameter Values for Multiple Parameter Changes in Biomass 

Parameter Biomass Relative 
to Base Case 

Ne Le Be re De 

48 5.11 87.1 44.0 8.09 .20 

60 6.60 237.2 16.5 20.4 .40 

57 2.66 124.1 77.7 17.2 .61 

54 3.84 134.7 84.5 9.05 .81 

36 5.60 150 50 20 1.0 (Base Case) 

37 6.89 48.9 68.5 25.6 1.2 
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Table 12.2: Detection Properties of Abundance Index "Total Catch" 

Biomass Relative ~e/~b PrQbabilil~ Qf DeleQliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x -Y2 /3 1.01 0 0 

re x {2j3 .91 0 0 

oe X 2/3 .80 0 0 

De x 2/3 .91 0 0 

Ne x 2/3 1.01 0 0 

Biomass = 1/3 of Base Case 

Le x {173 1 0 0 

re x -Y"1/3 .72 0 0 

oe X 1/3 .51 .96 .92 

De x 1/3 .78 0 0 

Ne x 1/3 1 0 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .53 .62 .68 

.4 of Base Case .63 0 .02 

.61 of Base Case 1.05 .08 0 

.81 of Base Case .98 0 0 

1 .2 of Base Case .64 0 .01 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .62 .08 .09 

Bthr = 40 tonnes .99 0 0 
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Table 12.3: Detection Properties of Abundance Index "Total Hauls (Total Number of 
Swarms Selected)" 

Biomass Relative J..le/J..lb PrQbabilil~ Qf DeleQliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Lc x-{2j3 1.01 0 0 

re x {2j3 .93 0 0 

Qe x 2/3 .94 0 0 

De x 2/3 .96 0 0 

Ne x 2/3 1.0 0 0 

Biomass = 1/3 of Base Case 

Le x {173 .99 0 0 

re x {173 .77 0 0 

Qe x 1/3 .82 0 0 

De x 1/3 .88 0 0 

Ne x 1/3 .99 0 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .76 0 0 

.4 of Base Case .59 .22 .30 

.61 of Base Case 1.05 .64 0 

.81 of Base Case 1.05 .76 0 

1 .2 of Base Case .95 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 1.29 .98 .83 

Bthr = 40 tonnes 1.03 .34 0 
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Table 12.4: Detection Properties of Abundance Index "Total Number of Swarms Fished" 

Biomass Relative lle/llb ErQbabilit~ Qf D~t~QtiQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x {273 1.02 .02 0 

rc x f2i3 .95 0 0 

oe X 2/3 .98 0 0 

De x 2/3 .84 0 0 

Ne x 2/3 1 0 0 

Biomass = 1/3 of Base Case 

Le x {173 1 0 0 

re x f1i3 .79 0 0 

oe X 1/3 .88 0 0 

De x 1/3 .64 .04 .03 

Ne x 1/3 1 0 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .58 .32 .35 

.4 of Base Case .59 .32 .3 

.61 of Base Case 1.01 .02 0 

.81 of Base Case .81 0 0 

1 .2 of Base Case 1 .15 .64 .06 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 1.4 .98 .91 

Bthr = 40 tonnes 1.06 .14 0 
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Table 12.5: Detection Properties of Abundance Index "Total Number of Swarms 
Encountered" 

Biomass Relative J.1e/J.1b PrQbabilil~ Qf DeleQliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x {2j3 1.01 .04 0 

re x-{273 1.17 .9 .14 

oe x 2/3 1.19 .98 .24 

De x 2/3 .93 0 0 

Ne x 2/3 1.01 .04 0 

Biomass = 1/3 of Base Case 

Le x {1f3 1 .04 0 

re x {1j3 1.541 .98 

oe x 1/3 1.67 1 .99 

De x 1/3 .82 0 0 

Ne x 1/3 1 .04 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case 1.16 .86 1 

.4 of Base Case 1.98 1.99 

.61 of Base Case .76 0 0 

.81 of Base Case .63 .16 .1 

1 .2 of Base Case 1.37 1 .95 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .47 1 .99 

Bthr = 40 tonnes .93 0 0 
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Table 12.6: Detection Properties of Abundance Index "Total Trawl Time" 

Biomass Relative ~e/~b PrQbabilit~ Qf DeteQtiQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le X {2j3 1.01 0 0 

re xW3 .92 0 0 

Qe X 2/3 .97 0 0 

De X 2/3 .96 0 0 

Ne X 2/3 .99 0 0 

Biomass = 1/3 of Base Case 

Le X {173 .99 0 0 

re X 1173 .74 0 0 

Qe X 1/3 .87 0 0 

De X 1/3 .89 0 0 

Ne X 1/3 .99 0 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .77 0 0 

.4 of Base Case .55 .9 .93 

.61 of Base Case 1.11 .7 .02 

.81 of Base Case 1 .1 .76 .04 

1 .2 of Base Case 1.06 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 1.23 .94 .48 

Bthr = 40 tonnes 1.03 .16 0 
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Table 12.7: Detection Properties of Abundance Index "Total Search Time" 

Biomass Relative Jle/Jlb ErQbabilil~ Qf DeleQliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x {2]3 1 .02 0 

re x f2i3 1.24 .92 .42 

oe x 2/3 1.19 .86 .21 

De x 2/3 1.11 .52 .01 

Ne x 2/3 .99 0 0 

Biomass = 113 of Base Case 

Le x-1173 .99 .04 0 

re x -{173 1.76 1 .99 

oe x 1/3 1.66 1 .99 

De x 1/3 1.41 .98 .95 

Ne x 1/3 1 0 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case 1.9 1 .99 

.4 of Base Case 2.47 1 .99 

.61 of Base Case .69 .06 .01 

.81 of Base Case .71 0 0 

1 .2 of Base Case 1.12 .72 .01 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .1 1 1 

Bthr = 40 tonnes .87 0 0 
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Table 12.8: Detection Properties of Abundance Index "Total Reciprocal Search Time" 

Biomass Relative J.le/J.lb PrQbabilil~ Qf DeleQliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x f2i3 1.01 0 0 

re x -{273 .76 0 0 

Qe x 2/3 .81 0 0 

De x 2/3 .088 0 0 

Ne x 2/3 1.01 0 0 

Biomass = 1/3 of Base Case 

Le X {1i3 1 0 0 

re x -{1j3 .44 .96 .95 

Qe x 1/3 .52 0 .51 

De x 1/3 .64 .96 .03 

Ne X 1/3 .98 0 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .41 1 .98 

.4 of Base Case .22 1 .99 

.61 of Base Case 1.42 .94 .82 

.81 of Base Case 1.35 .84 .58 

1.2 of Base Case .86 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 7.91 1 .99 

Bthr = 40 tonnes 1.15 .12 .03 
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Table 12.9: Detection Properties of Abundance Index "Number of Discoveries by the 
Survey Vessel" 

Biomass Relative Ile/Ilb PrQbabilil~ Qf DeleQUQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x {2j3 .76 0 0 

re x {2j3 .92 0 0 

oe X 2/3 .97 0 0 

De x 2/3 1.01 0 0 

Ne x 2/3 .65 0 0 

Biomass = 1/3 of Base Case 

Le x {173 .62 .04 0 

re x 1173 .96 .02 0 

oe X 1/3 1 .97 0 

De x 1/3 .94 0 0 

Ne x 1/3 .35 .18 .05 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case 1.15 0 0 

.4 of Base Case 1.95 .62 .54 

.61 of Base Case .77 0 0 

.81 of Base Case .98 0 0 

1 .2 of Base Case 1.15 .02 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 1 0 0 

Bthr = 40 tonnes .99 0 0 
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Table 12.10: Detection Properties of Abundance Index "Average {Catch/Towtime}" 

Biomass Relative Ile/Ilb ErQbabilil~ Qf D~l~QliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x f2i3 1 .06 0 

re x -{2j3 1 .04 0 

Qe x 2/3 .83 .98 .86 

De x 2/3 .94 .18 .03 

Nc x 2/3 1.01 .06 0 

Biomass = 1/3 of Base Case 

Le x {173 1 .16 0 

re x ...f173 .99 .08 0 

Qe x 1/3 .57 1 .99 

De x 1/3 .86 .84 .56 

Ne x 1/3 1.01 .08 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .69 1 .99 

.4 of Base Case 1.19 .98 .87 

.61 of Base Case .92 .28 .07 

.81 of Base Case .87 :8 .47 

1.2 of Base Case .58 1 .99 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .47 1 .99 

Bthr = 40 tonnes .95 .16 .02 
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Table 12.11: Detection Properties of Abundance Index "Average {Catch/Searchtime}" 

Biomass Relative Jle/Jlb PrQbabilil~ Qf DeleQliQn 

to Base Case Simulation Normal Approx 

Biomass = 213 of Base Case 

Le x {2j3 1 0 0 

re x-{273 .8 0 .25 

Be X 2/3 .74 .9 .57 

De x 213 .86 .36 .05 

Ne x 2/3 1.02 0 0 

Biomass = 113 of Base Case 

Le x {1f3 1.01 00 

re x {1f3 .53 1 .99 

Bc x 1/3 .39 1 .99 

De x 1/3 .64 1 .97 

Ne x 1/3 1 0 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .38 1 .99 

.4 of Base Case .39 1 .99 

.61 of Base Case 1.33 .86 .87 

.81 of Base Case 1.19 .26 .27 

1 .2 of Base Case .61 1 .99 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 2.77 1 .99 

Bthr = 40 tonnes 1.08 0 0 
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Table 12.12: Detection Properties of Abundance Index "Average {(Catch/Towtime)/ 
Searchtime}" 

Biomass Relative fle/flb PrQbabilil~ Qf DeleQliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x {2i3 1 0 0 

re x -{2j3 .83 .48 .08 

oe x 2/3 .36 1 .99 

De x 2/3 .87 .2 .01 

Ne x 2/3 1.03 0 0 

Biomass = 1/3 of Base Case 

Le x-{1j3 1.01 0 0 

re x 1173 .56 1 .99 

oe x 1/3 .36 1 .99 

De x 1/3 .63 1 .93 

Ne x 1/3 1.01 .02 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .37 .64 .99 

.4 of Base Case .45 1 .99 

.61 of Base Case 1.25 .4 .37 

.81 of Base Case 1 .11 .04 .04 

1 .2 of Base Case .53 1 .99 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 2.74 1 .99 

Bthr = 40 tonnes 1.07 0 0 
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Table 12.13: Detection Properties of Abundance Index" Catch Per Day" 

Biomass Relative ~e/~b PrQbabilil~ Qf DeleQliQn 

to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x ",,2/3 1.01 0 0 

re x 12i3 .91 0 0 

Qe x 2/3 .8 0 0 

De x 213 .91 0 0 

Ne x 2/3 1.01 0 0 

Biomass = 1/3 of Base Case 

Le x {173 1 0 0 

re x {173 .72 0 0 

Qe x 1/3 .51 .94 .92 

De x 1/3 .78 0 0 

Ne x 1/3 1 0 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .53 .64 .68 

.4 of Base Case .63 0 .02 

.61 of Base Case 1.05 .08 0 

.81 of Base Case .98 0 0 

1 .2 of Base Case .64 .96 .01 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .62 .92 .09 

Bthr = 40 tonnes .99 0 0 
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Table 12.14: Detection Properties of Abundance Index "Catch Per Haul" 

Biomass Relative Jle/Jlb PrQbabilil~ Qf DeleQUQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x-V2 1 3 .99 0 0 

re x {2j3 .97 0 0 

oe X 2/3 .85 .98 .87 

De x 2/3 .94 .18 .05 

Ne x 2/3 1 0 0 

Biomass = 1/3 of Base Case 

Le x-{1j3 1 0 0 

re x-{173 .94 .26 .03 

oe x 1/3 .61 1 .99 

De x 1/3 .87 .98 .81 

Ne x 1/3 1 0 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .7 .1 .99 

.4 of Base Case 1.05 .04 .09 

.61 of Base Case .99 0 0 

.81 of Base Case .93 o. .09 

1 .2 of Base Case .67 1 .99 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .48 1 .99 

Bthr = 40 tonnes .96 1 .01 
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Table 12.15: Detection Properties of Abundance Index "Hauls Per Concentration 
Discovered" 

Biomass Relative J.Le/J.Lb E[Qbabilil~ Qf DeleQliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x f2i3 1.38 0 0 

re x ...J273 1.03 0 0 

oe X 2/3 .89 0 0 

De x 2/3 .93 0 0 

Ne x 2/3 1.5 .04 0 

Biomass = 1/3 of Base Case 

Le x {173 1.66 .04 .03 

re x {173 .77 0 0 

oe x 1/3 .80 0 0 

De x 1/3 .89 0 0 

Ne x 1/3 3.1 .28 .45 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .63 0 0 

.4 of Base Case .27 .68 0 

.61 of Base Case 1.31 0 0 

.81 of Base Case 1.02 0 0 

1 .2 of Base Case .77 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 1.23 1 0 

Bthr = 40 tonnes 1 0 0 
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Table 12.16: Detection Properties of Abundance Index "Fraction of Swarms Selected For 
Fishing" 

Biomass Relative J.le/J.lb PrQbabilil~ Qf DfllflQliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x {2j3 .99 .02 0 

re x ...J273 .79 1 .99 

oe x 2/3 .79 1 .99 

De X 2/3 1.04 .12 .05 

Ne x 2/3 .99 .04 0 

Biomass = 1/3 of Base Case 

Le X {173 .99 .02 0 

re x -{173 .5 1 .99 

oe x 1/3 .49 1 .99 

De x 1/3 1.08 .32 .27 

Ne X 1/3 .98 .06 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .65 1 .99 

.4 of Base Case .3 1 1 

.61 of Base Case 1.38 1 .99 

.81 of Base Case 1.66 1 .99 

1 .2 of Base Case .71 1 .99 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 2.74 1 .99 

Bthr = 40 tonnes 1 .11 .58 .53 
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Table 1.2.17: Detection Properties of Abundance Index "Average Trawl Length" 

Biomass Relative J.l.e/J.l.b PrQbabilit~ Qf DeteQtiQn 
to Base Case Simulation Normal Approx 

Biomass = 213 of Base Case 

Le x {2j3 1.01 .04 0 

re x -{2j3 .97 .42 .05 

5e x 2/3 1.07 1 .5 

De x 213 .7 .22 0 

Ne x 2/3 1 .02 0 

Biomass = 1/3 of Base Case 

Le x {1j3 1.01 .04 .01 

rc x ...f173 .91 1 .78 

5c x 1/3 1.16 1 .99 

Dc x 1/3 1.01 .12 .02 

Nc x 1/3 1 .04 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case 1.03 .14 .08 

.4 of Base Case .79 1 .99 

.61 of Base Case 1.13 .98 .97 

.81 of Base Case 1 .11 .98 .94 

1 .2 of Base Case 1.33 1 .99 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .86 .99 

Bthr = 40 tonnes 1 .02 0 
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Table 12.18: Detection Properties of Abundance Index "Discoveries x Total Catch" 

Biomass Relative ~e/~b PrQbabilit~ Qf D~t~QtiQn 
to Base Case Simulation Normal Approx 

Biomass = 213 of Base Case 

Le x "'2/3 .77 0 0 

re x-{2j3 .85 .02 0 

Be x 2/3 .78 0 0 

De x 2/3 .93 0 0 

Ne x 2/3 .66 .02 0 

Biomass = 1/3 of Base Case 

Le x {173 .63 .04 0 

re x -f1T3 .7 0 0 

Be x 1/3 .49 .04 0 

De x 1/3 .74 0 0 

Ne x 1/3 .36 .34 .06 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .62 0 0 

.4 of Base Case 1.24 .04 0 

.61 of Base Case .81 0 0 

.81 of Base Case .97 0 0 

1 .2 of Base Case .74 1 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .63 0 0 

Bthr = 40 tonnes .99 0 0 
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Table 12.19: Detection Properties of Abundance Index "Discoveries x Total Hauls x Total 
Catch" 

Biomass Relative Ile/Ilb PrQbabilil~ Qf D~l~HlliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le X {273 .78 0 0 

re x-{273 .8 .04 0 

oe X 2/3 .74 0 0 

De x 2/3 .9 0 0 

Ne x 2/3 .66 .02 0 

Biomass = 1/3 of Base Case 

Le x {173 .63 .06 0 

re x ...J173 .54 .06 0 

oe X 1/3 .41 .04 0 

De x 1/3 .66 0 0 

Ne x 1/3 .36 .36 .03 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .47 .12 0 

.4 of Base Case .74 0 0 

.61 of Base Case .86 0 0 

.81 of Base Case 1.02 0 0 

1 .2 of Base Case .71 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .82 0 0 

Bthr = 40 tonnes 1.03 0 0 
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Table 12.20: Detection Properties of Abundance Index "Discoveries x (Total Catch/Total 
Towtime) x Swarms Fished" 

Biomass Relative Ile/Ilb PrQbabilit~ Qf DeteQtiQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Lc x {2j3 .78 0 0 

re xW3 .88 .02 0 

oe x 2/3 .5 .04 0 

De X 2/3 .81 0 0 

Ne x 2/3 .68 .02 0 

Biomass = 1/3 of Base Case 

Le x {1f3 .63 .04 0 

re x {173 .75 0 0 

oe x 1/3 .5 .04 0 

De x 1/3 .53 .02 0 

Ne x 1/3 .36 .2 .05 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .47 .08 0 

.4 of Base Case 1.34 .06 .04 

.61 of Base Case .74 0 0 

.81 of Base Case .71 0 0 

1 .2 of Base Case .81 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .71 0 0 

Bthr = 40 tonnes 1.02 0 0 
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Table 12.21: Detection Properties of Abundance Index "Discoveries x Average {Catch/ 
Towtime} x Swarms Fished" 

Biomass Relative J.le/J.lb PrQbabilil~ Qf D~l~QliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le xf2i3 .78 0 0 

re xW3 .89 .02 0 

Oc x 2/3 .79 0 0 

De X 2/3 .81 0 0 

Ne X 2/3 .68 .02 0 

Biomass = 1/3 of Base Case 

Le X {173 .63 .04 0 

re x -{173 .77 0 0 

oe X 1/3 .49 .04 0 

De X 1/3 .52 .02 0 

Ne X 1/3 .36 .22 .05 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .47 .08 0 

.4 of Base Case 1.4 .1 .06 

.61 of Base Case .73 0 0 

.81 of Base Case .7 0 0 

1.2 of Base Case .78 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .67 0 0 

Bthr = 40 tonnes 1.01 0 0 
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Table 12.22: Detection Properties of Abundance Index "Total CatchITotal Towtime" 

Biomass Relative Jle/Jlb ErQbabilil~ Qf DeleQliQO 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le X {2j3 1 0 0 

re x 1273 .98 .14 0 

oe X 2/3 .82 1 .93 

De X 2/3 .94 .5 .04 

Ne X 2/3 1.01 0 0 

Biomass = 1/3 of Base Case 

Le X {173 1 0 0 

re x {173 .97 .18 0 

oe X 1/3 .58 1 .99 

De X 1/3 .87 1 .63 

Ne X 1/3 1 .04 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .7 1 .99 

.4 of Base Case 1.15 .98 .75 

.61 of Base Case .93 .06 .06 

.81 of Base Case .88 .64 .44 

1 .2 of Base Case .6 1 .99 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .5 1 .99 

Bthr = 40 tonnes .95 .32 .02 
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Table 12.23: Detection Properties of Abundance Index "Average {CatchITowtime} 1 Average 
{Searchtime}" 

Biomass Relative lle/llb PrQbabilit~ Qf DeteQliQn 
to Base Case Simulation Normal Approx 

Biomass = 213 of Base Case 

Le x {2j3 1.01 0 0 

re x-{273 .75 1 .67 

oe x 2/3 .65 1 .99 

De x 213 .82 1 .23 

Ne x 2/3 1.02 0 0 

Biomass = 1/3 of Base Case 

Le X {173 1 .48 .01 

re x {1j3 .43 1 .99 

oe x 1/3 .28 1 .99 

De x 1/3 .54 1 .99 

Ne x 1/3 1 0 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .28 1 .99 

.4 of Base Case .29 1 .99 

.61 of Base Case 1.43 1 .99 

.81 of Base Case 1.28 .86 .73 

1 .2 of Base Case .49 1 .99 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 5.75 1 .99 

Bthr = 40 tonnes 1.12 .08 .12 
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Table 12.24: Detection Properties of Abundance Index "Average {CatchITowtime} x Average 
{Reciprocal Searchtime}" 

Biomass Relative J.le/J.lb PrQbabilil~ Qf DeleQliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x f2i3 1 0 0 

re x {2i3 .82 .52 .26 

oe x 2/3 .71 .9 .82 

De x 2/3 .83 .16 .19 

Ne x 2/3 1.03 0 0 

Biomass = 1/3 of Base Case 

Lc x {1i3 1.01 0 0 

rc x-{1i3 .56 1 .99 

oe x 1/3 .36 1 .99 

De x 1/3 .63 1 .99 

Ne x 1/3 1.01 0 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .37 1 .99 

.4 of Base Case .44 1 .99 

.61 of Base Case 1.25 .54 .59 

.81 of Base Case 1.11 0 .08 

1.2 of Base Case .53 .99 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 2.92 1 .99 

Bthr = 40 tonnes 1.06 0 0 
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Table 12.25: Detection Properties of Abundance Index "Discoveries x Total Catch/Total 
Towtime" 

Biomass Relative /le//lb PrQbabilil~ Qf D~l~QliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x...J273 .76 0 0 

re x -{2j3 .92 .02 0 

oe x 2/3 .8 0 0 

De x 2/3 .97 0 0 

Ne x 2/3 .66 .02 0 

Biomass = 1/3 of Base Case 

Le x {1f3 .62 .04 0 

re x 1173 .94 0 0 

oe x 1/3 .56 .02 0 

De x 1/3 .82 0 0 

Ne X 1/3 .36 .22 .05 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .3 .4 .59 

.4 of Base Case 2.24 .8 .75 

.61 of Base Case .73 0 0 

.81 of Base Case .87 0 0 

1 .2 of Base Case .7 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .5 0 0 

Bthr = 40 tonnes .95 0 0 
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Table 12.26: Detection Properties of Abundance Index "Discoveries x Average {Catchl 
Towtime} 1 Average {Searchtime}" 

Biomass Relative J.1e/J.1b PrQbabilit~ Qf D~t~QtiQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x f2i3 .77 0 0 

re x {273 .69 .04 0 

oe X 2/3 .63 0 0 

De x 2/3 .84 0 0 

Ne x 2/3 .67 0 0 

Biomass = 1/3 of Base Case 

Le x {173 .62 .04 0 

re x {173 .42 0 0 

oe X 1/3 .27 .34 0 

De x 1/3 .51 .02 0 

Ne x 1/3 .35 .22 .03 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .32 .12 0 

.4 of Base Case .56 0 0 

.61 of Base Case 1 .1 .04 0 

.81 of Base Case 1.26 .08 .02 

1 .2 of Base Case .57 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 5.76 1 .98 

Bthr = 40 tonnes 1.11 0 0 
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Table 12.27: Detection Properties of Abundance Index "Discoveries x Average {Catch/ 
Towtime} x Average {Reciprocal Searchtime}" 

Biomass Relative ~e/~b PrQbabilil~ Qf D~l~cliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x ",,2/3 .76 0 0 

re x 12i3 .76 .02 0 

oe x 2/3 .69 0 0 

De x 2/3 .88 0 0 

Ne x 2/3 .67 .02 0 

Biomass = 1/3 of Base Case 

Le x {173 .63 .04 0 

re x -{173 .55 .02 0 

oe x 1/3 .35 .08 0 

De x 1/3 .59 0 0 

Ne x 1/3 .35 .22 .03 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .43 .08 0 

.4 of Base Case .87 0 0 

.61 of Base Case .96 0 0 

.81 of Base Case 1.09 0 0 

1 .2 of Base Case .61 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 2.91 .86 .86 

Bthr = 40 tonnes 1.05 0 0 
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Table 12.28: Detection Properties of Abundance Index "Discoveries x Average {(Catch/ 
Towtime) / Searchtime}" 

Biomass Relative Ile/Ilb ErQbabilit~ Qf DataQtiQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x ~2/3 .76 0 0 

re x {273 .76 .02 0 

Qe x 2/3 .7 0 0 

De x 2/3 .89 0 0 

Ne x 2/3 .68 .02 0 

Biomass = 1/3 of Base Case 

Lc xi173 .63 .04 0 

rc x-{1j3 .54 .02 0 

Qc x 1/3 .35 .1 0 

Dc x 1/3 .6 0 0 

Nc x 1/3 .35 .2 .04 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .43 .06 0 

.4 of Base Case .88 0 0 

.61 of Base Case .97 0 0 

.81 of Base Case 1.09 .02 0 

1 .2 of Base Case .61 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 2.74 .82 .83 

Bthr = 40 tonnes 1.05 0 0 
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Table 12.29: Detection Properties of Abundance Index "Discoveries x (Total Catch/Total 
Towtime) / Average {Searchtime} " 

Biomass Relative lle/llb PrQbabilil~ Qf DeleQliQn 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le X {2j3 .77, 0 0 

re x -{2j3 .69 .04 0 

Oc x 2/3 .63 0 0 

De X 2/3 .83 0 0 

Ne X 2/3 .67 0 0 

Biomass = 1/3 of Base Case 

Le X {1f3 .62 .04 0 

re x -{173 .41 .06 0 

oe X 1/3 .28 .34 0 

De X 1/3 .51 .02 0 

Ne X 1/3 .35 .22 .03 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .32 .22 0 

.4 of Base Case .54 0 0 

.61 of Base Case 1 .11 .04 0 

.81 of Base Case 1.28 .08 .03 

1.2 of Base Case .59 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 6.13 1 .98 

Bthr = 40 tonnes 1 .11 0 0 
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Table 12.30: Detection Properties of Abundance Index "Discoveries x (Total Catch/Total 
Towtime) x Average {Reciprocal Searchtime}" 

Biomass Relative ~e/~b Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x ~2/3 .76 0 0 

re x {273 .75 .02 0 

oe X 2/3 .69 0 0 

De x 2/3 .88 0 0 

Ne x 2/3 .67 .02 0 

Biomass = 1/3 of Base Case 

Le x {173 .63 .04 0 

re x-{1i3 .53 0 0 

oe X 1/3 .35 .08 0 

De x 1/3 .6 0 0 

Ne x 1/3 .35 .22 .03 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .43 .08 0 

.4 of Base Case .84 0 0 

.61 of Base Case .98 0 0 

.81 of Base Case 1.11 0 0 

1 .2 of Base Case .63 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 3.1 .9 .89 

Bth r = 40 tonnes 1.05 0 0 
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Table 12.31: Detection Properties of Abundance Index "Discoveries x (Total Catch/Total 
Towtime) x Number of Selected Swarms" 

Biomass Relative J..le/J..lb Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x -V2/3 .77 .02 0 

re x -{2j3 .86 .02 0 

oe X 2/3 .76 0 0 

De x 2/3 .94 0 0 

Ne x 2/3 .67 .02 0 

Biomass = 1/3 of Base Case 

Le x {173 .63 .04 0 

re x -f1i3 .73 0 0 

oe X 1/3 .47 .06 0 

De x 1/3 .73 0 0 

Ne x 1/3 .36 .24 .06 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .62 .02 0 

.4 of Base Case 1.35 .06 .03 

.61 of Base Case .77 0 0 

.81 of Base Case .92 0 0 

1 .2 of Base Case .66 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .66 0 0 

Bthr = 40 tonnes .98 0 0 
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Table 12.32: Detection Properties of Abundance Index "Discoveries x Average {Catch/ 
Towtime} x Number of Selected Swarms" 

Biomass Relative ~e/~b Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le X {2j3 .75 .02 0 

re x 1273 .87 .02 0 

oe X 2/3 .76 0 0 

De x 2/3 .94 0 0 

Ne x 2/3 .67 .02 0 

Biomass = 1/3 of Base Case 

Le x...f173 .63 .04 0 

re x -{1j3 .74 0 0 

oe X 1/3 .46 .04 0 

De x 1/3 .73 0 0 

Ne x 1/3 .36 .18 .06 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .61 0 0 

.4 of Base Case 1.4 .1 .05 

.61 of Base Case .76 0 0 

.81 of Base Case .91 0 0 

1 .2 of Base Case .65 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .62 0 0 

Bthr = 40 tonnes .98 0 0 
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Table 12.33: Detection Properties of Abundance Index "Discoveries x (Total Catch/Total 
Towtime) x Number of Encountered Swarms" 

Biomass Relative Jle/Jlb Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x f2i3 .77 .02 0 

re x {2i3 1.08 .06 .02 

Qe x 2/3 .97 0 0 

De x 2/3 .91 0 0 

Ne x 2/3 .67 .02 0 

Biomass = 1/3 of Base Case 

Le x {1j3 .63 .04 0 

re x-{173 1.45 .16 .18 

Qe x 1/3 .95 0 0 

De x 1/3 .68 0 0 

Ne x 1/3 .36 .22 .07 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .95 0 0 

.4 of Base Case 4.48 1 .99 

.61 of Base Case .56 .06 0 

.81 of Base Case .55 0 0 

1 .2 of Base Case .93 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .24 .56 .03 

Bthr = 40 tonnes .89 0 0 
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Table 12.34: Detection Properties of Abundance Index "Discoveries x Average {Catch/ 
Towtime} x Number of Swarms Encountered" 

Biomass Relative Ile/Ilb Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x {2j3 .77 .02 0 

re x {273 1.09 .06 .02 

oe x 2/3 .96 0 0 

De x 2/3 .9 0 0 

Ne x 2/3 .68 .02 0 

Biomass = 1/3 of Base Case 

Le x {173 .63 .04 0 

re x 11/3 1.49 .16 .21 

oe x 1/3 .94 0 0 

De x 1/3 .67 0 0 

Ne x 1/3 .36 .24 .07 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .94 0 0 

.4 of Base Case 4.66 1 .99 

.61 of Base Case .55 .06 0 

.81 of Base Case .54 0 0 

1 .2 of Base Case .9 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .22 .58 .04 

Bthr = 40 tonnes .88 0 0 
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Table 12.35: Detection Properties of Abundance Index "Number of Different Concentrations 
Fished by the Fleet" 

Biomass Relative I!e/I!b Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x {2t3 .98 0 0 

re x {2j3 1.08 0 0 

oe X 2/3 1.06 0 0 

De x 2/3 1.11 0 0 

Ne x 2/3 1.13 0 0 

Biomass = 1/3 of Base Case 

Le x ...J1/3 1.05 0 0 

re x...J1/3 1.10 0 0 

oe X 1/3 1 0 0 

De x 1/3 1.05 0 0 

Ne x 1/3 1.08 0 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .98 0 0 

.4 of Base Case 1.03 0 0 

.61 of Base Case 1.18 0 0 

.81 of Base Case 1.08 0 0 

1 .2 of Base Case 1.01 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 1 0 0 

Bthr = 40 tonnes 1.06 0 0 
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Table 12.36: Detection Properties of Abundance Index "Discoveries x (Total Catch/Total 
Towtime) x (Hauls/Concentration Fished)" 

Biomass Relative J..le/J..lb Probability of Detection 

to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x {2t3 .76 .02 0 

re x -{273 .8 .02 0 

Be x 2/3 .71 0 0 

De x 2/3 .83 0 0 

Ne x 2/3 .61 .06 0 

Biomass = 1/3 of Base Case 

Le x {1j3 .6 .08 0 

re x {173 .68 .04 0 

Be x 1/3 .45 .1 0 

De x 1/3 .71 .04 0 

Ne x 1/3 .34 .36 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .06 .04 .19 

.4 of Base Case 1.29 .06 .02 

.61 of Base Case .67 .04 0 

.81 of Base Case .87 0 0 

1 .2 of Base Case .64 .02 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .65 .06 0 

Bthr = 40 tonnes .95 0 0 
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Table 12.37: Detection Properties of Abundance Index "Discoveries x Average {Catch/ 
Towtime} x (Hauls/Concentration Fished)" 

Biomass Relative J..Le/J..Lb Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 213 of Base Case 

Le x {2j3 .76 .02 0 

re x 12i3 .81 .02 0 

oe X 2/3 .71 0 0 

De x 213 .83 0 0 

Ne x 2/3 .61 .16 0 

Biomass = 1/3 of Base Case 

Le x {1j3 .6 .08 0 

re x {1j3 .70 .02 0 

oe X 1/3 .45 .08 0 

De x 1/3 .70 .04 0 

Ne x 1/3 .34 .40 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .61 .04 0 

.4 of Base Case 1.34 .12 .03 

.61 of Base Case .66 .04 0 

.81 of Base Case .86 .02 0 

1 .2 of Base Case .62 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .61 .08 0 

Bthr = 40 tonnes .94 0 0 
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Table 12.38: Detection Properties of Abundance Index "Discoveries x (Total Catch/Total 
Towtime) x Swarms Fished per Concentration" 

Biomass Relative Ile/Ilb Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x {2j3 .77 .02 0 

re x-{2j3 .82 .02 0 

8e x 2/3 .49 .06 0 

De x 2/3 .72 0 0 

Ne x 2/3 .62 .06 0 

Biomass = 1/3 of Base Case 

Lc x {173 .61 .08 0 

rc x {173 .7 .04 0 

8c x 1/3 .49 .06 0 

Dc x 1/3 .51 .12 0 

Nc x 1/3 .34 .36 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .47 .08 0 

.4 of Base Case 1.29 .06 .03 

.61 of Base Case .64 .04 0 

.81 of Base Case .67 0 0 

1 .2 of Base Case .77 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .71 .02 0 

Bthr = 40 tonnes .98 0 0 
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Table 12.39: Detection Properties of Abundance Index "Discoveries x Average {Catch/ 
Towtime} x Swarms Fished per Concentration" 

Biomass Relative Ile/Ilb Probability of Detection 

to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x {273 .77 .02 0 

re x 1273 .83 .02 0 

oe X 2/3 .74 0 0 

De x 2/3 .72 0 0 

Ne x 2/3 .62 .06 0 

Biomass = 1/3 of Base Case 

Le x {173 .61 .08 0 

re x -{1j3 .72 .04 0 

oe X 1/3 .48 .1 0 

De x 1/3 .5 .12 0 

Ne x 1/3 .34 .34 0 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .47 .06 0 

.4 of Base Case 1.34 .1 .04 

.61 of Base Case .64 .04 0 

.81 of Base Case .66 .06 0 

1 .2 of Base Case .69 0 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes .66 .04 0 

Bthr = 40 tonnes .97 0 0 
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Table 12.40: Detection Properties of Abundance Index U{Total Catch/Total Number of 
Hauls) / Average {Searchtime}U 

Biomass Relative ~e/~b Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 213 of Base Case 

Le x {2j3 1.04 .02 .01 

re x 1273 .74 .98 .89 

oe x 2/3 .66 1 .99 

De x 213 .82 .68 .41 

Ne x 2/3 1.01 .02 0 

Biomass = 1/3 of Base Case 

Le x {173 1 0 0 

re x {1j3 .41 1 .99 

oe x 1/3 .29 1 .99 

De x 1/3 .55 1 .99 

Ne x 1/3 1.03 0 .01 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .28 1 .99 

.4 of Base Case .25 1 1 

.61 of Base Case 1.54 1 .99 

.81 of Base Case 1.37 .96 .96 

1 .2 of Base Case .57 1 .99 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 5.88 1 .99 

Bthr = 40 tonnes 1.12 .18 .21 
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Table 12.41: Detection Properties of Abundance Index "Discoveries x (Total Catch/Total 
Number of Hauls) / Average {Searchtime}" 

Biomass Relative ~e/~b Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le X {2j3 .86 0 0 

re x ..J273 .77 0 0 

oe X 2/3 .66 .04 0 

De x 2/3 .8 0 0 

Ne x 2/3 .7 .06 0 

Biomass = 1/3 of Base Case 

Le x-{1i3 .64 .1 0 

re x-{173 .38 .3 0 

oe X 1/3 .33 .54 0 

De x 1/3 .56 .04 0 

Ne x 1/3 .37 .46 .05 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .33 .46 0 

.4 of Base Case .47 .06 0 

.61 of Base Case 1.14 .06 .01 

.81 of Base Case 1.32 .2 .07 

1 .2 of Base Case .8 .02 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 6.0 1 .98 

Bthr = 40 tonnes 1.09 .06 0 
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Table 12.42: Detection Properties of Abundance Index "(Total Catch/Number of Swarms 
Fished) / Average {Searchtime}" 

Biomass Relative ~e/~b Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x 1273 1.01 .04 0 

re x 1273 .72 1 .99 

oe x 2/3 .65 1 .99 

De x 2/3 .93 .32 .11 

Ne x 2/3 1 .16 .04 

Biomass = 1/3 of Base Case 

Le x {173 1 .12 .02 

re x -{173 .39 1 .99 

oe x 1/3 .28 1 1 

De x 1/3 .77 1 .97 

Ne x 1/3 1.01 .06 .04 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .37 1 .99 

.4 of Base Case .25 1 1 

.61 of Base Case 1.62 1 .99 

.81 of Base Case 1.76 1 .99 

1 .2 of Base Case .48 1 .99 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 5.41 1 .99 

Bthr = 40 tonnes 1.09 .96 .27 
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Table 12.43: Detection Properties of Abundance Index "Discoveries x (Total Catch/Number 
of Swarms Fished) / Average {Searchtime}" 

Biomass Relative ~e/~b Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x {2j3 .85 0 0 

re x {2j3 .76 0 0 

oe x 2/3 .65 .06 0 

De x 2/3 .93 0 0 

Ne x 2/3 .69 .06 0 

Biomass = 1/3 of Base Case 

Le x {1f3 .63 .1 .01 

re x -f173 .37 .42 0 

oe x 1/3 .31 .75 0 

De x 1/3 .78 0 0 

Ne x 1/3 .37 .48 .07 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .44 .24 0 

.4 of Base Case .48 .1 0 

.61 of Base Case 1.2 .82 .02 

.81 of Base Case 1.72 .46 .33 

1 .2 of Base Case .68 .06 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 5.5 1 .99 

Bthr = 40 tonnes 1.06 .04 0 
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Table 12.44: Detection Properties of Abundance Index "(Total Catch/Swarms Encountered) 
/ Average {Searchtime}" 

Biomass Relative ~e/~b Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x 1273 1.04 .06 .01 

re x-{273 .59 1 .99 

Be x 2/3 .53 1 .99 

De x 2/3 .86 .32 .12 

Ne x 2/3 1.01 0 .01 

Biomass = 1/3 of Base Case 

Le x-f1i3 1 .02 .01 

re x ...J173 .2 1 1 

Be x 1/3 .15 1 1 

De x 1/3 .61 1 .99 

Ne x 1/3 1.04 .04 .03 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .18 1 1 

.4 of Base Case .07 1 1 

.61 of Base Case 2.16 1 .99 

.81 of Base Case 2.27 1 .99 

1.2 of Base Case .41 1 .99 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 16.11 1 .99 

Bthr = 40 tonnes 1.24 .76 .55 
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Table 12.45: Detection Properties of Abundance Index "Discoveries x (Total Catch/Swarms 
Encountered) / Average {Searchtime}" 

Biomass Relative ~e/~b Probability of Detection 
to Base Case Simulation Normal Approx 

Biomass = 2/3 of Base Case 

Le x ~2 / 3 .87 0 0 

re x {273 .62 0 0 

oe x 2/3 .53 .12 0 

De x 2/3 .85 0 0 

Ne x 2/3 .37 .44 .05 

Biomass = 1/3 of Base Case 

Lc x {1J3 .64 .02 0 

rc x {1J3 .19 .98 0 

Oc x 1/3 .16 1 0 

Dc x 1/3 .61 .02 0 

Nc x 1/3 .37 .44 .05 

Multiple Parameter 
Changes Biomass = 

.2 of Base Case .21 .96 0 

.4 of Base Case .14 1 0 

.61 of Base Case 1.61 .38 .25 

.81 of Base Case 2.21 .72 .62 

1 .2 of Base Case .58 .12 0 

Adaptive Behavior by Fleet 

Bthr = 0 tonnes 16.46 1 .99 

Bthr = 40 tonnes 1.21 .08 .02 
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Tableau 2.1 

Tableau 2.2 

Tableau 3.1 

Tableau 3.2 

Tableau 3.3 

Tableau 3.4 

Tableau 3.5 

Tableau 3.6 

Tableau 3.7 

Tableau 3.8 

Tableau 3.9 

Tableau 3.10 

Tableau 3.11 

Tableau 3.12 

Tableau 3.13 

Tableau 3.14 

Tableau 3.15 

Tableau 3.16 

Legendes des tableaux 

Resume des origines des donnees des campagnes d'etude sovietiques. 

Caracteristiques des engins de peche des navires. 

Resume des moyennes et variances des quantites provenant des donnees 
sovietiques. (Voir le texte pour une discussion detaillee sur la maniere de 
lire le tableau). 

Correlations de I'ensemble de donnees 1, toutes donnees utilisees (voir le 
texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 1, valeurs limites appliquees (voir 
le texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 2, toutes donnees utilisees (voir le 
texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 2, valeurs limites appliqueesv(Voir 
le texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 3, toutes donnees utilisees (voir le 
texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 3, valeurs limites appliquees (voir 
le texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 4, toutes donnees utilisees (voir le 
texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 4, valeurs limites appliquees (voir 
le texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 5, toutes donnees utili sees (voir le 
texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 5, valeurs limites appliquees (voir 
le texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 6, toutes donnees utilisees (voir le 
texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 6, valeurs limites appliquees (voir 
le texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 7, toutes donnees utilisees (voir le 
texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 7, valeurs limites appliquees (voir 
le texte pour une discussion detaillee sur la maniere de lire le tableau). 

Correlations de I'ensemble de donnees 8, toutes donnees utilisees (voir le 
texte pour une discussion detaillee sur la maniere de lire le tableau). 
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Tableau 3.17 Correlations de I'ensemble de donnees 8, valeurs limites appliquees (voir 
le texte pour une discussion detaillee sur la maniere de lire le tableau). 

Tableau 3.18 Correlations de I'ensemble de donnees 9, toutes donnees utilisees (voir le 
texte pour une discussion detaillee sur la maniere de lire le tableau). 

Tableau 3.19 Correlations de I'ensemble de donnees 8, valeurs limites appliquees (voir 
le texte pour une discussion detaillee sur la maniere de lire le tableau). 

Tableau 3.20 Correlations de I'ensemble de donnees 10, toutes donnees utilisees (voir le 
texte pour une discussion detaillee sur la maniere de lire le tableau). 

Tableau 3.21 Correlations de I'ensemble de donnees 10, valeurs limites appliquees (voir 
le texte pour une discussion detaillee sur la maniere de lire le tableau). 

Tableau 3.22 Correlations de I'ensemble de donnees 11, toutes donnees utilisees (voir le 
texte pour une discussion detaillee sur la maniere de lire le tableau). 

Tableau 3.23 Correlations de I'ensemble de donnees 11, valeurs limites appliquees (voir 
le texte pour une discussion detaillee sur la maniere de lire le tableau). 

Tableau 3.24 Correlations de I'ensemble de donnees 12, toutes donnees utilisees (voir le 
texte pour une discussion detaillee sur la maniere de lire le tableau). 

Tableau 3.25 Correlations de I'ensemble de donnees 12, valeurs limites appliquees (voir 
le texte pour une discussion detaillee sur la maniere de sur la maniere de 
lire le tableau). 

Tableau 12.1 Valeurs des parametres pour changements multiples des parametres de la 
biomasse. 

Tableau 12.2 Proprietes de detection de I'indice d'abondance "Prise totale". 

Tableau 12.3 Proprietes de detection de I'indice d'abondance "Total des traits (nombre 
total d'essaims selectionnes)". 

Tableau 12.4 Proprietes de detection de I'indice d'abondance "Nombre total d'essaims 
pecMs". 

Tableau 12.5 Proprietes de detection de I'indice d'abondance "Nombre total d'essaims 
rencontres". 

Tableau 12.6 Proprietes de detection de I'indice d'abondance "Temps total de chalutage". 

Tableau 12.7 Proprietes de detection de I'indice d'abondance "Temps total de recherche". 

Tableau 12.8 Proprietes de detection de I'indice d'abondance "Temps total reciproque de 
recherche" . 

Tableau 12.9 Proprietes de detection de I'indice d'abondance "Nombre de decouvertes par 
le navire de prospection". 

Tableau 12.10 Proprietes de detection de I'indice d'abondance "Moyenne {prise/temps de 
chalutage}" . 
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Tableau 12.11 Proprietes de detection de I'indice d'abondance "Moyenne {prise/temps de 
recherche}". 

Tableau 12.12 Proprietes de detection de I'indice d'abondance "Moyenne {(prise/temps de 
chalutage) / temps de recherche}". 

Tableau 12.13 Proprietes de detection de I'indice d'abondance "Prise par jour". 

Tableau 12.14 Proprietes de detection de I'indice d'abondance "Prise par trait". 

Tableau 12.15 Proprietes de detection de I'indice d'abondance "Traits par concentration 
decouverte" . 

Tableau 12.16 Proprietes de detection de I'indice d'abondance "Fraction d'essaims 
selectionnes pour la peche". 

Tableau 12.17 Proprietes de detection de I'indice d'abondance "Longueur moyenne des 
chalutages" . 

Tableau 12.18 Proprietes de detection de I'indice d'abondance "Decouvertes x prise totale". 

Tableau 12.19 Proprietes de detection de I'indice d'abondance "Decouvertes x total des 
chalutages x prise totale". 

Tableau 12.20 Proprietes de detection de I'indice d'abondance "Decouvertes x (prise 
totale/temps total de chalutage) x essaims peches". 

Tableau 12.21 Proprietes de detection de I'indice d'abondance "Decouvertes x moyenne 
{prise/temps de chalutage} x essaims peches". 

Tableau 12.22 Proprietes de detection de I'indice d'abondance "Prise totale/temps total de 
chalutage" . 

Tableau 12.23 Proprietes de detection de I'indice d'abondance "Moyenne {prise/temps de 
chalutage} / moyenne {temps de recherche}". 

Tableau 12.24 Proprietes de detection de I'indice d'abondance "Moyenne {prise/temps de 
chalutage} x moyenne {temps de recherche reciproque}". 

Tableau 12.25 Proprietes/qualites de detection de I'indice d'abondance "Decouvertes x 
prise totale/temps total de chalutage". 

Tableau 12.26 Proprietes de detection de I'indice d'abondance "Decouvertes x moyenne 
{prise/temps de chalutage} / moyenne {temps de recherche}". 

Tableau 12.27 Proprietes de detection de I'indice d'abondance "Decouvertes x moyenne 
{prise/temps de chalutage} x moyenne {temps de recherche reciproque}". 

Tableau 12.28 Proprietes de detection de I'indice d'abondance "Decouvertes x moyenne 
{prise/temps de chalutage) / temps de recherche}". 

Tableau 12.29 Proprietes de detection de I'indice d'abondance "Decouvertes x (prise 
totale/ temps total de chalutage) / moyenne {temps de recherche}". 

Tableau 12.30 Proprietes de detection de I'indice d'abondance "Decouvertes x (prise 
totale/temps de chalutage) x moyenne {temps de recherche reciproque}". 
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Tableau 12.31 Proprietes de detection de I'indice d'abondance "Decouvertes x (prise 
totale / temps total de chalutage) x nombre d'essaims selectionnes". 

Tableau 12.32 Proprietes de detection de I'indice d'abondance "Decouvertes x 
{prise/temps de recherche} moyen x nombre d'essaims selectionnes". 

Tableau 12.33 Proprietes de detection de I'indice d'abondance "Decouvertes x (prise 
totale/temps total de chalutage) x nombre d'essaims rencontres". 

Tableau 12.34 Proprietes de detection de I'indice d'abondance "Decouvertes x moyenne 
{prise/temps de recherche} x nombre d'essaims rencontres". 

Tableau 12.35 Proprietes de detection de I'indice d'abondance "Nombre de concentrations 
differentes pecMes par la flotille". 

Tableau 12.36 Proprietes de detection de I'indice d'abondance "Decouvertes x (prise 
totale/temps total de chalutage) x (traits/concentrations pechees)". 

Tableau 12.37 Proprietes de detection de I'indice d'abondance "Decouvertes x moyenne 
{prise/temps de chalutage} x (traits/concentrations pechees)". 

Tableau 12.38 Proprietes de detection de I'indice d'abondance "Decouvertes x (prise 
totale/temps total de chalutage) x essaims pecMs par concentration". 

Tableau 12.39 Proprietes de detection de I'indice d'abondance "Decouvertes x moyenne 
{prise/temps de chalutage} x essaims peches par concentration". 

Tableau 12.40 Proprietes de detection de I'indice d'abondance "(Prise totale/nombre total 
de chalutages) / moyenne {temps de recherche}". 

Tableau 12.41 Proprietes de detection de I'indice d'abondance "Decouvertes x (prise 
totale/nombre total de traits) / moyenne {temps de recherche}". 

Tableau 12.42 Proprietes de detection de I'indice d'abondance "(Prise totale/nombre 
d'essaims peches) / moyenne {temps de recherche}". 

Tableau 12.43 Proprietes de detection de I'indice d'abondance "Decouvertes x (prise 
totale/nombre d'essaims peches) / moyenne {temps de recherche}". 

Tableau 12.44 Proprietes de detection de I'indice d'abondance "(Prise totale/essaims 
rencontres) / moyenne {temps de recherche}". 

Tableau 12.45 Proprietes de detection de I'indice d'abondance "Decouvertes x (prise 
totale/essaims rencontres) / {temps de recherche}". 

Figure 3.1 

TaGnHlJ;a 2.1 
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Legende de la figure 

Exemple de distributions bimodales obtenues par I'analyse des donnees sur 
le deplacement entre chalutages pour I'ensemble de donnees 10. 

3aronOBKH K TaGnHlJ;aM 

CBO,l{Ha$l TaGnHlJ;a HCXO,l{HhIX ,l{aHHhIX no peHcaM COBeTCKHX CY,l{OB. 



TaoJUu.{a 2.2 XapaKTeplicTIiKIi Opy,aIiH JIOBa Cy,aOB. 

TaOJUIl.{a 3.1 CBo,aHa.H TaOJIIil.{a cpe,aHlix BeJIW-IIiH Ii cpe,aHlix OTKJIOHeHIiH 
nOKa3aTeJIeH, nOJIytJ:eHHbIX Ha OCHOBe ,aaHHbIX, npe,aOCTaBJIeHHbIX 
CCCP. (CM. OOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb TaOJIIil.{y). 

TaoJIIil.{a 3.2 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHbIX 1; ObIJIIi IiCnOJIb30BaHbI Bce ,aaHHble 
(CM. OOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb TaOJIIil.{y). 

TaoJIIil.{a 3.3 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHbIX 1; ObIJIIi IiCnOJIb30BaHbI 
npe,aeJIbHble BeJIIitJ:IiHbI (CM. OOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb 
TaOJIIil.{y). 

TaoJIIil.{a 3.4 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHbIX 2; ObIJIIi IiCnOJIb30BaHbI Bce ,aaHHble 
(CM.oOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb TaOJIIil.{y). 

TaoJIIil.{a 3.5 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHbIX 2; ObIJIIi IiCnOJIb30BaHbI 
npe,aeJIbHble BeJIIitJ:IiHbI (CM. OOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb 
TaOJIIil.{y). 

TaoJIIil.{a 3.6 KoppeJI.Hl.{1i1i ,aaHHbIX no,aoopa 3; ObIJIIi IiCnOJIb30BaHbI Bce ,aaHHble 
(CM. OOb.HCHeHIi.H B TeKCTe KaK tJ:IiTaTb TaOJIIil.{y). 

TaoJIIil.{a 3.7 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHblx 3; ObIJIIi IiCnOJIb30BaHbI 

npe,aeJIbHble BeJIIitJ:IiHbI (CM. OOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb 
TaOJIIil.{y). 

TaoJIIil.{a 3.8 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHbIX 4; ObIJIIi IiCnOJIb30BaHbI Bce ,aaHHble 
(CM. OOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb TaOJIIil.{y). 

TaoJIIil.{a 3.9 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHbIX 4; ObIJIIi IiCnOJIb30BaHbI 
npe,aeJIbHble BeJIIitJ:IiHbI (CM. OOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb 
TaOJIIil.{y). 

TaoJIIil.{a 3.10 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHblx 5; ObIJIIi IiCnOJIb30BaHbI Bce ,aaHHble 
(CM. OOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb TaOJIIil.{y). 

TaoJIIil.{a 3.11 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHblx 5; ObIJIIi IiCnOJIb30BaHbI 

npe,aeJIbHble BeJIIitJ:IiHbI (CM. OOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb 
TaOJIIil.{y). 

TaoJIIil.{a 3.12 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHblx 6; ObIJIIi IiCnOJIb30BaHbI Bce ,aaHHble 

(CM. OOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb TaOJIIil.{Y). 

TaoJIIil.{a 3.13 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHblx 6; ObIJIIi IiCnOJIb30BaHbI 

npe,aeJIbHble BeJIIitJ:IiHbI (CM. OOb.HCHeHIi.H B TeKCTe KaK tJ:IiTaTb 
TaOJIIil.{Y). 

TaoJIIil.{a 3.14 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHbIX 7; ObIJIIi IiCnOJIb30BaHbI Bce ,aaHHble 
(CM. OOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb TaOJIIil.{Y). 

TaoJIIil.{a 3.15 KoppeJI.Hl.{1i1i ,aJI.H ceplili ,aaHHbIX 7; ObIJIIi IiCnOJIb30BaHbI 

npe,aeJIbHble BeJIIitJ:IiHbI (CM. OOb.HCHeHlie B TeKCTe KaK tJ:IiTaTb 
TaOJIIil.{Y). 
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Taomu . .\a 3.16 KoppeJI.srQHH ,aJI.SI cepHH ,aaHHbIX 8; ObIJIH HCnOJIb30BaHbI Bce ,aaHHble 
(CM. OOb.SlCHeHHe B TeKCTe 0 TOM KaK 1.JHTaTb TaOJIHQY). 

TaOJIHQa 3.17 KoppeJI.SIQHH ,aJI.SI cepHH ,aaHHbIX 8; ObIJIH HCnOJIb30BaHbI 
npe,aeJIbHble BeJIH1.JHHbI (CM. OOb.SlCHeHHe B TeKCTe KaK 1.JHTaTb 
TaOJIHQY). 

TaOJIHQa 3.18 KoppeJI.SIQHH ,aJI.SI cepHH ,aaHHbIX 9; ObIJIH HCnOJIb30BaHbI Bce ,aaHHble 
(CM. OOb.SlCHeHHe B TeKCTe KaK 1.JHTaTb TaOJIHQY). 

TaOJIHQa 3.19 KoppeJI.SIQHH ,aJI.SI cepHH ,aaHHbIX 9; ObIJIH HCnOJIb30BaHbI 
npe,aeJIbHble BeJIH1.JHHbI (CM. OOb.SlCHeHHe B TeKCTe KaK 1.JHTaTb 
TaOJIHQY). 

TaOJIHQa 3.20 KoppeJI.SIQHH ,aJI.SI cepHH ,aaHHbIX 10; ObIJIH HCnOJIb30BaHbI Bce 
,aaHHble (CM. OOb.SlCHeHHe B TeKCTe 0 TOM, KaK 1.JHTaTb TaOJIHQY). 

TaOJIHQa 3.21 KoppeJI.SIQHH ,aJI.SI cepHH ,aaHHbIX 10; ObIJIH HCnOJIb30BaHbI 
npe,aeJIbHble BeJIH1.JHHbI (CM. OOb.SlCHeHHe B TeKCTe KaK 1.JHTaTb 
TaOJIHQY). 

TaOJIHQa 3.22 KoppeJI.SIQHH ,aJI.SI cepHH ,aaHHbIX 11; ObIJIH HCnOJIb30BaHbI Bce 
,aaHHble (CM. OOb.SlCHeHHe B TeKCTe KaK 1.JHTaTb TaOJIHQY). 

TaOJIHQa 3.23 KoppeJI.SIQHH ,aJI.SI cepHH ,aaHHbIX 11; ObIJIH HCnOJIb30BaHbI 
npe,aeJIbHble BeJIH1.JHHbI (CM. OOb.SlCHeHHe B TeKCTe KaK 1.JHTaTb 
TaOJIHQY). 

TaOJIHQa 3.24 KoppeJI.SIQHH ,aJI.SI cepHH ,aaHHbIX 12; ObIJIH HCnOJIb30BaHbI Bce 
,aaHHble (CM. OOb.SlCHeHHe B TeKCTe KaK 1.JHTaTb TaOJIHQY). 

TaOJIHQa 3.25 KoppeJI.SIQHH ,aJI.SI cepHH ,aaHHbIX 12; ObIJIH HCnOJIb30BaHbI Bce 
,aaHHble (CM. OOb.SlCHeHHe B TeKCTe KaK 1.JHTaTb TaOJIHQY). 

TaOJIHQa 12.1 BeJIH1.JHHbI napaMeTpoB, HCnOJIb3yeMble B MHoro$aKTopHoM aHaJIH3e 
H3MeHeHHM oHOMaCCbI. 

TaOJIHQa 12.2 TIapaMeTpbI oOHapY)l(eHH.SI (KoHQeHTpaQHM KPHJI.SI), npHcyru;He 
HH,aeKcy 1.JHCJIeHHOCTH "OOru;HM YJIOB". 

TaOJIHQa 12.3 TIapaMeTpbI oOHapY)l(eHH.SI (KOHQeHTpaQHM KPHJI.SI), npHcyru;He 
HH,aeKcy 1.JHCJIeHHOCTH "Bce TpaJIeHH.SI (ooru;ee 1.JHCJIO oToopaHHblx 
CKOnJIeHHM". 

TaOJIHQa 12.4 TIapaMeTpbI oOHapY)l(eHH.SI (KoHQeHTpaQHM KPHJI.SI) , npHcyru;He 
HH,aeKcy 1.JHCJIeHHOCTH "Ooru;ee KOJIH1.JeCTBO OOJIaBJIHBaeMhlx 
CKOnJIeHHM". 

TaOJIHQa 12.5 TIapaMeTpbI oOHapY)l(eHH.SI (KOHQeHTpaQHM KPHJI.H), npHcyru;He 
HH,aeKcy 1.JHCJIeHHOCTH "Ooru;ee KOJIH1.JeCTBO BCTpeTHBillHXC.SI 
CKOnJIeHHM". 

TaOJIHQa 12.6 TIapaMeTpbI oOHapY)l(eHH.SI (KOHQeHTpaQHM KPHJI.SI) , npHcyru;He 
HH,aeKcy 1.JHCJIeHHOCTH "Ooru;ee BpeM.SI TpaJIeHH.SI". 
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Ta6mu~a 12.7 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KpHJul). npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "06m;ee BpeM.R nOHcKa". 

Ta6JIHl.{a 12.8 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.R). npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "06m;ee 3KBHBaJIeHTHOe BpeM.R nOHcKa". 

Ta6JIHl.{a 12.9 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.Rl. npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "qHCJIO o6HapY)l(eHHH:. c,aeJIaHHbIX 
nOHCKOBbIM Cy,aHOM". 

Ta6JIHl.{a 12.10 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.R). npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "Cpe,aH.R.R BeJIHl.JHHa {YJIoB/BpeM.R 
TpaJIeHH.R}" . 

Ta6JIHl.{a 12.11 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.R). npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "Cpe,aH.R.R BeJIHl.JHHa {YJIoB/BpeM.R nOHcKal". 

Ta6JIHl.{a 12.12 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.R). npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "Cpe,aH.R.R BeJIHl.JHHa {(YJIoB/BpeM.R 
TpaJIeHH.R) I BpeM.R nOHcKa}". 

Ta6JIHl.{a 12.13 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.R). npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "Y JIOB 3a CYTKH". 

Ta6JIHl.{a 12.14 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.R). npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "Y JIOB 3a TpaJIeHHe". 

Ta6JIHl.{a 12.15 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.Rl. npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "qHCJIO TpaJIeHHH: Ha 06HapY)l(eHHYID 
.KOHl.{eHTpal.{HID" . 

Ta6JIHl.{a 12.16 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.R). npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH ",llOJI.R CKOnJIeHHH:. oTo6paHHblx ,aJI.R 
npOMbICJIa". 

Ta6JIHl.{a 12.17 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.R), npHcym;He 
HH,aeKCY l.JHCJIeHHOCTH "Cpe,aH.R.R ,aJIHHa TpaJIeHHH:". 

Ta6JIHl.{a 12.18 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.Rl. npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "06HapY)l(eHHe x 06m;HH: yJIOB". 

Ta6JIHl.{a 12.19 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.R). npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "06HapY)l(eHHe x Bce TpaJIeHH.R lb 06m;HH: 
yJIOB". 

Ta6JIHl.{a 12.20 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.R). npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "06HapY)l(eHHe x (06m;HH: YJIoB/o6m;ee BpeM.R 
TpaJIeHH.R) x 06JIaBJIHBaeMble CKOnJIeHH.R". 

Ta6JIHl.{a 12.21 TIapaMeTpbI o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.R). npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "06HapY)l(eHHe x cpe,aH.R.R BeJIHl.JHHa 
{YJIoB/BpeM.R TpaJIeHH.R} x 06JIaBJIHBaeMble CKOnJIeHH.R". 

Ta6JIHl.{a 12.22 TIapaMeTpbl o6HapY)l(eHH.R (KOHl.{eHTpal.{HH: KPHJI.Rl. npHcym;He 
HH,aeKcy l.JHCJIeHHOCTH "06m;HH: YJIoB/o6m;ee BpeM.R TpaJIeHH.R". 
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TaOJIHl(a 12.23 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H), npHcYW;He 
HH,aeKcy lIHCJIeHHOCTH "Cpe,aH.H.H BeJIHIIHHa {YJIoB/BpeM.H 
TpaJIeHH.H} I cpe,aH.H.H BeJIHIIHHa {BpeM.H nOHcKal". 

TaOJIHl(a 12.24 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H). npHcYW;He 
HH,aeKcy lIHCJIeHHOCTH "Cpe,aH.H.H BeJIHIIHHa {YJIoB/BpeM.H TpaJIeHH.H} 
lb cpe,aH.H.H BeJIHIIHHa {3KBHBaJIeHTHOe BpeM.H nOHcKal". 

TaOJIHl(a 12.25 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H). npHcYW;He 
HH,aeKcy lIHCJIeHHOCTH "0oHapY)l(eHHe lb oomHH YJIoB/oomee BpeM.H 
TpaJIeHH.H". 

TaOJIHl(a 12.26 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H). npHcymHe 
HH,aeKcy lIHCJIeHHOCTH "0oHapY)l(eHHe xcpe,aH.H.H BeJIHIIHHa 
{YJIoB/BpeM.H TpaneHH.H} I cpe,aH.H.H BeJIHIIHHa {BpeM.H nOHcKal". 

TaOJIHl(a 12.27 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H). npHcYW;He 
HH,aeKcy lIHCJIeHHOCTH "0oHapY)l(eHHe xcpe,aH.H.H BeJIHIIHHa 
{YJIoB/BpeM.H TpaJIeHH.H} x cpe,aH.H.H BeJIHIIHHa {3KBHBaJIeHTHOe 
BpeM.H nOHcKal". 

TaOJIHl(a 12.28 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H). npHcYW;He 
HH,aeKcy lIHCJIeHHOCTH "0oHapY)l(eHHe x cpe,aH.H.H BeJIHIIHHa 
{(YJIoB/BpeM.H TpaneHH.H) I BpeM.H nOHcKa}". 

TaOJIHl(a 12.29 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H). npHcYW;He 
HH,aeKcy lIHCJIeHHOCTH "0oHapY)l(eHHe x (OOW;HH YJIoB/oow;ee BpeM.H 
TpaJIeHH.H) I cpe,aH.H.H BeJIHIIHHa {BpeM.H nOHcKa}". 

TaOJIHl(a 12.30 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H). npHcYW;He 
HH,aeKcy lIHCJIeHHOCTH "0oHapY)l(eHHe x (OOW;HH YJIoB/oow;ee BpeM.H 
TpaJIeHH.H) x cpe,aH.H.H BeJIHIIHHa {3KBHBaJIeHTHOe BpeM.H nOHcKa}". 

TaOJIHl(a 12.31 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H). npHcYW;He 
HH,aeKcy lIHCJIeHHOCTH "0oHapY)l(eHHe x (OOW;HH YJIoB/oow;ee BpeM.H 
TpaJIeHH.H) x KOJIHIIeCTBO BblopaHHblx CKOnJIeHHH". 

TaOJIHl(a 12.32 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H). npHcYW;He 
HH,aeKcy lIHCJIeHHOCTH "0oHapY)l(eHHe xcpe,aH.H.H BeJIHIIHHa 
{YJI'oB/BpeM.H TpaJIeHH.H} x KOJIHIIeCTBO BblopaHHblx CKOnJIeHHH". 

TaOJIHl(a 12.33 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H). npHcYW;He 
HH,aeKcy lIHCJIeHHOCTH "0oHapY)l(eHHe x (OomHH YJIoB/oow;ee BpeM.H 
TpaJIeHH.H) x KOJIHIIeCTBO BCTpeTHBIDHXC.H CKOnJIeHHH". 

TaOJIHl(a 12.34 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H), npHcYW;He 
HH,aeKcy lIHCJIeHHOCTH "0oHapY)l(eHHe xcpe,aH.H.H BeJIHIIHHa 
{YJIoB/BpeM.H TpaJIeHH.H} x KOJIHIIeCTBO BCTpeTHBIDHXC.H CKOnJIeHHH". 

TaOJIHl(a 12.35 TIapaMeTpbI oOHapY)l(eHH.H (KOHl(eHTpal(HH KPHJI.H). npHcYW;He 
HH,aeKcy lIHCJIeHHOCTH "KOJIHIIeCTBO pa3JIHIIHbIX KOHl(eHTpal(HH. 
OOJIaBJIHBaeMblx IPJIOTHJIHeH". 

230 



Ta6J1F1Qa 12.36 TIapaMeTpbI 06HapY)I(eHFI.H (KOHQeHTpaQFI:H: KPFlJl.H), npFlcYW;Fle 
FlH,l{eKcy lIF1CJleHHOCTFI "06HapY)l(eHFle x (06W;FI:H: YJloB/06m;ee BpeM.H 
TpaJleHFI.H) x (KOJlFllleCTBO TpaJleHFI:H:/06J1aBJlFlBaeMa.H 
KOHQeHTpaQFI.H)" . 

Ta6J1F1Qa 12.37 TIapaMeTpbI 06HapY)I(eHFI.H (KOHQeHTpaQFI:H: KPFlJl.H), npFlcym;Fle 
FlH,l{eKcy lIF1CJleHHOCTFI "06HapY)I(eHFle XCpe,l{H.H.H BeJlFlllFlHa 
{YJlOB/BpeM.H TpaJleHFI.H} x (KOJlFllleCTBo TpaJleHFI:H:/06J1aBJlFlBaeMa.H 
KOHQeHTpaQFI.H)" . 

Ta6J1F1Qa 12.38 TIapaMeTpbI 06HapY)I(eHFI.H (KOHQeHTpaQFI:H: KPFlJl.H), npFlcym;Fle 
FlH,l{eKcy lIF1CJleHHOCTFI "06HapY)l(eHFle x (06W;FI:H: YJloB/06m;ee BpeM.H 
TpaJleHFI.H) x 06J1aBJlFlBaeMbIe CKOnJleHFI.H Ha KOHQeHTpaQFIlO". 

Ta6J1F1Qa 12.39 TIapaMeTpbI 06HapY)l(eHFI.H (KOHQeHTpaQFI:H: KPFlJl.H), npFlcym;Fle 
FlH,l{eKcy lIF1CJleHHOCTFI "06HapY)l(eHFle XCpe,l{H.H.H BeJlFlllFlHa 
{YJloB/BpeM.H TpaJleHFI.H} x 06J1aBJlFlBaeMbIe CKOnJleHFI.H Ha 
KOHQeHTpaQFlIO" . 

Ta6J1F1Qa 12.40 TIapaMeTpbI 06HapY)l(eHFI.H (KOHQeHTpaQFI:H: KPFlJl.H), npFlcym;Fle 
FlH,l{eKcy lIF1CJleHHOCTFI "(Q6W;FI:H: y JlOB/ 06m;ee KOJlFllleCTBO 
TpaJleHFI:H:)/cpe,l{H.H.H BeJlFlllFlHcL {BpeM.H nOFlcKa}. 

Ta6J1F1Qa 12.41 TIapaMeTpbI 06HapY)l(eHFI.H (KOHQeHTpaQFI:H: KPFlJl.H), npFlcym;Fle 
FlH,l{eKcy lIF1CJleHHOCTFI "06HapY)l(eHFle x (06W;FI:H: YJloB/06m;ee 
KOJlFllleCTBO TpaJleHFI:H:)/cpe,l{H.H.H BeJlFlllFlHa {BpeM.H nOFlcKa}. 

Ta6J1F1Qa 12.42 TIapaMeTpbI 06HapY)l(eHFI.H (KOHQeHTpaQFI:H: KPFlJl.H), npFlcym;Fle 
FlH,l{eKcy lIF1CJleHHOCTFI "(06W;FI:H: y JlOB/KOJlFllleCTBo 06J1aBJlFlBaeMbIx 
CKOnJleHFI:H:)/ Cpe,l{H.H.H BeJlFlllFlHa {BpeM.H nOFlcKa}. 

Ta6J1F1Qa 12.43 TIapaMeTpbI 06HapY)l(eHFI.H (KOHQeHTpaQFI:H: KPFlJl.H), npFlcYW;Fle 
FlH,l{eKcy lIF1CJleHHOCTFI "06HapY)l(eHFle x (06W;FI:H: YJlOB/KoJlFlllecTBo 
06J1aBJlFlBaeMbIx CKOnJleHFI:H:) / Cpe,l{H.H.H BeJlFlllFlHa {BpeM.H nOFlcKal. 

Ta6J1F1Qa 12.44 TIapaMeTpbI 06HapY)l(eHFI.H (KOHQeHTpaQFI:H: KPFlJl.H), npFlcYW;Fle 
FlH,l{eKcy lIF1CJleHHOCTFI "(06W;FI:H: YJlOB/BcTpeTFlBIDFleC.H 
CKOnJleHFI.H)/cpe,l{H.H.H BeJlFlllFlHa {BpeM.H nOFlcKa}". 

Ta6J1F1Qa 12.45 TIapaMeTpbI 06HapY)l(eHFI.H (KOHQeHTpaQFI:H: KPFlJl.H), npFlcym;Fle 
FlH,l{eKcy lIF1CJleHHOCTFI "06HapY)l(eHFle x (06 m; FI:H: 

PHCYHOK 3.1 

Tabla 2.1 

Y JlOB/BcTpeTFlBIDFleC.H CKOnJleHFI.H)/ Cpe,l{H.H.H BeJlFlllFlHa {BpeM.H 
nOFlcKa}. 

llO,l{nHCH K pHCYHKaM 

llpHMep 6HMo,l{aJIbHbIX pacnpe,l{eJIeHHH, nOJIyqeHHbIX H3 aHaJIH3a 

,l{aHHbIX no ,l{BH)I(eHHIO cY,l{Ha B nepHo,l{ Me)l(,l{Y TpaJIeHH5.IMH, ,l{JI5.I 

cepHH ,l{aHHbIx 10. 

Encabezamientos de las Tablas 

Resumen de los datos originales del crucero sovietico 
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Tabla 2.2 

Tabla 3.1 

Tabla 3.2 

Tabla 3.3 

Tabla 3.4 

Tabla 3.5 

Tabla 3.6 

Tabla 3.7 

Tabla 3.8 

Tabla 3.9 

Tabla 3.10 

Tabla 3.11 

Tabla 3.12 

Tabla 3.13 

Tabla 3.14 

Tabla 3.15 

Tabla 3.16 

Tabla 3.17 

Tabla 3.18 
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Caracterfsticas de las redes de los buques 

Resumen de promedios y varianzas de cantidades procedentes de los datos 
sovieticos (ver el texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 1, todos los datos utilizados (ver el 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 1, valQres Ifmite aplicados (ver el texto 
para saber como leer la tabla). 

Correlaciones del conjunto de datos 2, todos los datos utilizados (ver el 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 2, valores Ifmite aplicados (ver el texto 
para saber como leer la tabla). 

Correlaciones del conjunto de datos 3, todos los datos utilizados (ver el 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 3, valores Ifmite aplicados (ver el texto 
para saber como leer la tabla). 

Correlaciones del conjunto de datos 4, todos los datos utilizados (ver el 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 4, valores Ifmite aplicados (ver el texto 
para saber como leer la tabla). 

Correlaciones del conjunto de datos 5, todos los datos utilizados (ver el 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 5, valores Ifmite aplicados (ver el texto 
para saber como leer la tabla). 

Correlaciones del conjunto de datos 6, todos los datos utilizados (ver el 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 6, valores Ifmite aplicados (ver el texto 
para saber como leer la tabla). 

Correlaciones del conjunto de datos 7, todos los datos utilizados (ver el 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 7, valores Ifmite aplicados (ver el texto 
para saber como leer la tabla). 

Correlaciones del conjunto de datos 8, todos los datos utilizados (ver el 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 8, valores Ifmite aplicados (ver el texto 
para saber como leer la tabla). 

Correlaciones del conjunto de datos 9, todos los datos utilizados (ver el 
texto para saber como leer la tabla). 



Tabla 3.19 

Tabla 3.20 

Tabla 3.21 

Tabla 3.22 

Tabla 3.23 

Tabla 3.24 

Tabla 3.25 

Tabla 12.1 

Tabla 12.2 

Tabla 12.3 

Tabla 12.4 

Tabla 12.5 

Tabla 12.6 

Tabla 12.7 

Tabla 12.8 

Tabla 12.9 

Tabla 12.10 

Tabla 12.11 

Tabla 12.12 

Tabla 12.13 

Correlaciones del conjunto de datos 9, valores limite aplicados (ver el texto 
para saber como leer la tabla). 

Correlaciones del conjunto de datos 10, todos 105 datos utilizados (ver le 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 10, valores Hmite aplicados (ver el 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 11, todos 105 valores utilizados (ver el 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 11, valores Hmite aplicados (ver el 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 12, todos 105 datos utilizados (ver el 
texto para saber como leer la tabla). 

Correlaciones del conjunto de datos 12, valores limite aplicados (ver el 
texto para saber como leer la tabla). 

Valores de 105 parametros multiples para cam bios en la biomasa. 

Propiedades de deteccion del fndice de abundancia "Captura total". 

Propiedades de deteccion del fndice de abundancia "Lances totales (numero 
total de cardumenes seleccionados)". 

Propiedades de deteccion del fndice de abundancia "Numero total de 
cardumenes pescados" 

Propiedades de deteccion del fndice de abundancia "Numero total de 
cardumenes hallados". 

Propiedades de deteccion del fndice de abundancia "Tiempo total de 
arrastre" . 

Propiedades de deteccion del fndice de abundancia "Tiempo total de 
busqueda". 

Propiedades de deteccion del fndice de abundancia "Tiempo total recfproco 
de busca". 

Propiedades de deteccion del fndice de abundancia "Numero de 
descubrimientos por el buque de prospeccion". 

Propiedades de deteccion del fndice de abundancia "Promedio 
{captura/tiempo de arrastre}". 

Propiedades de deteccion del fndice de abundancia "Promedio 
{captura/tiempo de busqueda}". 

Propiedades de deteccion del fndice de abundancia "Promedio 
{(captura/tiempo de arrastre) I tiempo de bUsqueda}". 

Propiedades de deteccion del fndice de abundancia "Captura por dfa". 
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Tabla 12.14 

Tabla 12.15 

Tabla 12.16 

Tabla 12.17 

Tabla 12.18 

Tabla 12.19 

Tabla 12.20 

Tabla 12.21 

Tabla 12.22 

Tabla 12.23 

Tabla 12.24 

Tabla 12.25 

Tabla 12.26 

Tabla 12.27 

Tabla 12.28 

Tabla 12.29 

Tabla 12.30 

Tabla 12.31 
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Propiedades de detecci6n del [ndice de abundancia "Captura por lance". 

Propiedades de detecci6n del [ndice de abundancia "Lances por 
concentraci6n descubierta". 

Propiedades de detecci6n del [ndice de abundancia "Fracci6n de cardumenes 
seleccionados para la pesca". 

Propiedades de detecci6n del [ndice de abundancia "Longitud media del 
arrastre" . 

Propiedades de detecci6n del [ndice de abundancia "Descubrimientos x 
captura total". 

Propiedades de detecci6n del [ndice de abundancia "Descubrimientos x 
arrastres totales x captura total". 

Propiedades de detecci6n del [ndice de abundancia "Descubrimientos x 
(captura total/tiempo de arrastre total) x cardumenes pescados". 

Propiedades de detecci6n del [ndice de abundancia "Descubrimientos x 
promedio {captura/tiempo de arrastre} x cardumenes pescados". 

Propiedades de detecci6n del [ndice de abundancia "Captura total/tiempo de 
arrastre total". 

Propiedades de detecci6n del [ndice de abundancia "Promedio 
{capturaltiempo de arrastre} I promedio {tiempo de busqueda}". 

Propiedades de detecci6n del [ndice de abundancia "Promedio 
{captura/tiempo de arrastre} x promedio {tiempo de busqueda rec[proco}". 

Propiedades de detecci6n del [ndice de abundancia "Descubrimientos x 
captu ra total/tiempo de arrastre total". 

Propiedades de detecci6n del [ndice de abundancia "Descubrimeintos x 
promedio {captura/tiempo de arrastre} I promedio {tiempo de busqueda}". 

Propiedades de detecci6n del [ndice de abundancia "Descubrimientos x 
promedio {captura/tiempo de arrastre} x promedio {tiempo de busqueda 
rec[proco}" . 

Propiedades de detecci6n del [ndice de abundancia "Descubrimientos x 
promedio {(capturaltiempo de arrastre) I tiempo de busqueda}". 

Propiedades de detecci6n del [ndice de abundancia "Descubrimientos x 
(captura totalltiempo de arrastre total) I (promedio {tiempo de 
busqueda})". 

Propiedades de detecci6n del [ndice de abundancia "Descubrimientos x 
(captura total/tiempo de arrastre total) x promedio {tiempo de busqueda 
rec[proco}" . 

Propiedades de detecci6n del [ndice de abundancia "Descubrimientos x 
(captura totalltiempo de arrastre total) x numero de cardumenes 
seleccionados". 



Tabla 12.32 

Tabla 12.33 

Tabla 12.34 

Tabla 12.35 

Tabla 12.36 

Tabla 12.37 

Tabla 12.38 

Tabla 12.39 

Tabla 12.40 

Tabla 12.41 

Tabla 12.42 

Tabla 12.43 

Tabla 12.44 

Tabla 12.45 

Figura 3.1 

Propiedades de detecci6n del indice de abundancia "Descubrimientos x 
promedio {captura/tiempo de arrastre} x numero de cardumenes 
seleccionados". 

Propiedades de detecci6n del indice de abundancia "Descubrimientos x 
(captura total/tiempo de arrastre total) x numero de cardumenes 
hallados". 

Propiedades de detecci6n del indice de abundancia "Descubrimientos x 
promedio {capturaltiempo de arrastre} x numero de cardumenes hallados". 

Propiedades de detecci6n del indice de abundancia "Numero de 
concentraciones diferentes pescadas por la flota". 

Propiedades de detecci6n del indice de abundancia "Descubrimientos x 
(captura total/tiempo de arrastre total) x (Iances/concentraciones 
pescadas)". 

Propiedades de detecci6n del indice de abundancia "Descubrimientos x 
promedio {captura/tiempo de arrastre} x (Iances/concentraciones 
pescadas)". 

Propiedades de detecci6n del indice de abundancia "Descubrimientos x 
(captura total/tiempo de arrastre total) x cardumenes pescados por 
concentraci6n" . 

Propiedades de detecci6n del indice de abundancia "Descubrimientos x 
promedio {captura/tiempo de arrastre} x cardumenes pescados por 
concentraci6n" . 

Propiedades de detecci6n del indice de abundancia U(Captura total/numero 
total de lances) I promedio {tiempo de busqueda}". 

Propiedades de detecci6n del indice de abundancia uDescubrimientos x 
(captura total/numero total de lances) I promedio {tiempo de busqueda}". 

Propiedades de detecci6n del indice de abundancia U(Captura total/numero 
de cardumenes pescados) I promedio {tiempo de busqueda}". 

Propiedades de detecci6n del indice de abundancia "Descubrimientos x 
(captura total/numero de cardumenes pescados) I promedio {tiempo de 
busqueda}". 

Propiedades de detecci6n del indice de abundancia "(captura 
total/cardumenes hallados) I promedio {tiempo de busqueda}". 

Propiedades de detecci6n del indice de abundancia uDescubrimientos x 
(captura total/cardumenes hallados) I promedio {tiempo de busqueda}". 

Leyenda de la Figura 

Ejemplo de las distribuciones bimodales obtenidas por el analisis de los 
datos del movimiento entre-arrastres para el conjunto de datos 10. 
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SOME SPECIFIC FEATURES OF THE USSR KRILL FISHERY AND POSSIBILITIES 
OF APPLYING FISHERY STATISTICS TO STUDIES OF KRILL BIOLOGY AND 
STOCKS 

V.N. Dolzhenkov, T.G. Lubimova, R.R. Makarov, S.S. Parfenovich, V.A. Spiridonov 

Abstract 

General principles of the USSR krill fishery such as the location of 
exploited fishing areas and the seasonal regime of their exploitation 
are considered. Using data obtained by the scouting vessel Globus 
engaged in regular krill fishery, it is shown that the catch-per-haul 
variables are associated with the fishing regime of the vessel rather 
than with krill abundance in a certain area. During preparations for 
regular fishing operations very short hauls (under 15 minutes) are 
practised. Such fishing practice, together with substantial 
fluctuations of catches during scouting operations often results in 
yields which do not correspond to the actual biomass of krill in the 
place in question. In both cases particular diurnal and long-term 
behaviour patterns have an impact. All these factors limit the extent 
to which CPUE can be used in simulation studies of krill distribution 
and stock assessment. A standard large-scale multi-disciplinary 
survey, followed by processing of the data obtained using diverse 
methods may be viewed as a better instrument for studies. 

Resume 

Les principes generaux sous-tendant les activites de peche de krill 
menees par I'URSS, tels que I'emplacement des zones de peche et leur 
regime saisonnier d'exploitation, sont ici consideres. Sur la base de 
donnees recueillies par le navire de reconnaissance Globus, engage 
dans des activites regulieres de peche de krill, I'on remarque que les 
variables de prise par trait relevent plutot du regime des activites de 
peche entreprises par le navire que de I'abondance de krill en 
certains endroits. Lors des preparatifs precedant les operations de 
peche regulieres, des traits de courte duree (moins de 15 min.) sont 
effectues. CeUe pratique, ainsi que les fluctuations substantielles des 
prises pendant les operations de reconnaissance, a souvent pour 
resultat I'obtention de rendements ne correspondant pas a la biomasse 
reelle de krill dans la zone consideree. Dans les deux cas, I'on 
observe I'incidence de types de comportements particuliers, diurnes 
et a long terme. Tout ceci limite la possibilite d'utiliser la CPUE dans 
des etudes par simulation sur la repartition et I'evaluation des 
reserves de krill. Une campagne d'etude standard multidisciplinaire 
a grande echelle, suivie par le traitement des donnees obtenues a 
I'aide de methodes variees, peut etre consideree comme un meilleur 
instrument pour les etudes entreprises. 

Pe310Me 

OOCY)I(,l{aIOTCjI oOW;Me npMHllMnbI npOBO,l{MMOrO cCCP npOMbICJIa 
KPMJIjI - TaKMe, KaK BbljlBJIeHMe npOMbICJIOBbIX yqaCTKOB M 
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ce30HHbIH pe)l(l1M I1X 3KCrrJIyaTaQI1I1. Ha OCHOBaHl111 ,aaHHbIX, 
rrOJIyqeHHbIX rrOI1CKOBbIM cy,aHOM "Globus", 3aH.SITbIM B 

pery JI.SIPHOM rrpOMbICJIe KPI1JI.SI, rrOKa3bIBaeTC.SI, qTO 3HaqeHI1.SI 
rrepeMeHHoH "YJIOB 3a TpaJIeHl1e" CB.SI3aHbI cKopee C pe)l(l1MOM 

Be,aeHI1.SI rrpOMbICJIa cy,aHOM, qeM C KOJIl1qeCTBOM KPI1JI.SI B 
KOHKpeTHoM paHoHe. Bo BpeM.SI rro,arOTOBKI1 K peryJI.SIpHbIM 
rrpOMbICJIOBbIM orrepaQI1.SIM rrpoBo,a.SITC.SI OqeHb KOpOTKl1e (He 
OOJIbIIIe 15 MI1H) TpaJIeHI1.SI. TaKa.SI rrpOMbICJIOBa.SI rrpaKTI1Ka 

BMeCTe C OOJIbIIII1MI1 <pJIYKTyaQl1aMI1 B pa3Mepax YJIOBOB BO 
BpeM.SI rrOI1CKOBbIX orrepaQI1H qaCTO ,aalOT BeJIl1ql1HbI BbIJIOBa, 

He COOTBeTCTBYIOW;l1e <paKTl1qeCKOMY OObeMY 0l10MaCCbI KPI1JI.SI 
B ,aaHHOM paHOHe. B OOOI1X CJIyqa.SIX HaJII1QeCTByeT BJII1.SIHl1e 

HeTl1rrl1QHhlX 3aKOHOMepHOCTeH CYTOQHOrO 11 
,aOJIrOBpeMeHHoro rrOBe,aeHI1.SI. Bce 3TO CY)l(aeT OOJIaCTb 

rrpl1MeHeHl1e CPUE rrpl1 113YQeHl1l1 pacrrpe,aeJIeHI1.SI KPI1JI.SI 
MeTo,aOM Mo,aeJIl1pOBaHI1.SI 11 rrpl1 OQeHKe 3arraCOB. 

CTaH,aapTHa.SI KpyrrHoMacIIITaOHa.SI MHorOOTpaCJIeBa.SI CbeMKa 11 

rrOCJIe,aYIOw;a.SI oopaOOTKa rrOJIYQeHHbIX ,aaHHbIX C rrOMOIIJ;blO 
pa3JIl1QHbIX MeTo,aOB MoryT OKa3aTbC.SI JIYQIIII1M crrOCOOOM 
rrpOBe,aeHI1.SI TaKI1X I1CCJIe,aOBaHI1H. 

Resumen 

Se examinan 105 prinicipios generales de la pesqueria del krill de la 
URSS, tales como la ubicacion de las zonas de pesca explotadas y el 
regimen de temporadas para su explotaci6n. Basandose en datos 
obtenidos por el buque de exploracion Globus que participa en 
operaciones de pesca regulares, se demuestra que las variables de 
captura por lance estan mas bien relacionadas con el regimen de pesca 
del buque, que con la abundancia del krill en una zona determinada. 
Durante las preparaciones para las operaciones de pesca regulares se 
realizan lances de muy corta duracion, (menos de 15 minutos). Esta 
practica pesquera, junto con las considerables fluctuaciones en las 
capturas durante las operaciones de exploracion, dan a menudo como 
resultado rendimientos que no corresponden a la biomasa real del 
krill en el lugar en cuestion. En ambos casos, esta presente el efecto 
de los patrones caracteristicos de comportamiento diurno y de largo 
plazo. Todo esto limita el grado en que 105 indices de CPUE pueden ser 
utilizados en estudios de simulacion de distribucion del krill y de 
evaluacion de reservas. Se puede considerar una prospeccion 
multidisciplinaria estandar a gran escala, seguida por el 
procesamiento de la informacion obtenida con la ayuda de diversos 
metodos, como un instrumento mejor para lIevar a cabo estos 
estudios. 



1 . INTRODUCTION 

The usefulness of statistics on the Antarctic krill (Euphausia superba) fishery as a 
source of information on the distribution and the state of the exploited part of the population 
is an important item of the present work of the CCAMLR Scientific Committee. In particular, 
discussions are held of the usefulness of CPUE data for the assessment of krill stocks and the 
establishment of a future fishery management system. However, it is impracticable to 
evaluate the extent of possible application of CPUE data for these purposes without knowing 
specific features of fishing practices of particular countries. In recent years a description 
of the Japanese krill fishery has been given in several publications (Shimadzu, 1985, 
1986; Shimadzu and Ichii, 1985; Ichii, 1987; Butterworth, 1987). A description of the 
USSR krill fishery was presented at a meeting of a group of experts of the CCAMLR Scientific 
Committee in Moscow in 1987 and published in this volume (Butterworth, 1989). 

Both general and specific features of fishing activities are considered in this paper. 
The selection of fishing areas, the exploitation of krill concentrations and some important 
aspects of fisheing operations during the commercial season are included. Information 
received from fishing vessels is useful in studies of krill distribution patterns and 
abundance and also in mathematical modelling of the krill fishery. 

2. PREPARING AND CONDUCTING KRILL FISHING OPERATIONS 

2.1 Distribution of Krill and General Scheme of Krill Fishery 

Data obtained from numerous research cruises conducted by the USSR since the 1963, 
and from commercial krill scouting operations have enabled us to assess patterns of krill 
distribution over the entire range of its habitat. Data on krill concentrations detected and 
estimated by hydroacoustics within the range of its distribution are assembled and mapped 
(see Figure 1). As compared with other maps (Marr, 1962; Mackintosh, 1973; 
Parfenovich, 1982) this one distinguishes between various Antarctic areas in terms of 
population density and the probability of occurrence of krill concentrations. 

Areas for commercial exploitation are selected in accordance with distribution trends 
within the range. The areas with more regular occurrences of krill concentrations are 
chosen, but the choice may also depend on weather and ice conditions, the latter being most 
favourable in spring and summer. 

At present Soviet catches are taken from Statistical Areas 48 and 58, with several 
subareas being considered as traditional fishing areas. In a number of subareas fishing 
operations are implemented annually according to a stable balanced schedule incorporating a 
change of the time and areas of operations during the fishing season. 

The master schedule may be modified depending on the situation in the year in 
question. At least two variables are encountered here. Firstly, in spring, autumn and 
especially in winter, the fishery may be very limited or closed due to weather and 
particularly ice conditions, irrespective of the presence of commercial concentrations of 
krill. Secondly, the density of krill concentrations and the time of the formation of dense 
concentrations vary to some extent from year to year in the same areas. The biological 
condition of crustaceans is no less important in determining the quality of the catch. The 
limitations in processing of so-called feeding "green krill" bring about a decrease in daily 
catches per day and often cause a delay in the start of the fishery in a particular area. 

According to current seasonal fishing strategies, operations in Statistical Area 48 
start from Subareas 48.1 and 48.2. At the beginning of the season (November-January), 
ice conditions of a certain year and plankton bloom, which is responsible for the dominance 
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of "green krill", limit the catches. Experience shows that fishing conditions stabilize at the 
earliest in Subarea 48.1 (waters off the Antarctic Peninsula in the vicinity of Elephant 
Island). Although Subarea 48.2 is situated on the same latitude as Subarea 48.1, seasonal 
plankton succession and the ice cover drift occur there rather late. The situation stabilizes 
in both areas in January (with some difference in time observed) and continues until 
April-May and sometimes June. Such time differences are associated with year-to-year 
fluctuations in the seasonal dynamics of ice cover. In April-May, sometimes earlier, the 
fishery is moved to the waters off South Georgia (Subarea 48.3). In summer, fishing 
activities in the subarea are not intensive, but the intensity increases' by autumn. This is 
the only subarea where ice conditions do not interfere with fishing operations. The fishing 
potential is determined by water dynamics. Under favourable conditions, abundant krill 
concentrations appear and remain. Favourable conditions may prevail until winter, 
providing for krill fishery in winter and early spring. In mid-spring the abundance of krill 
decreases and "green krill" appear due, to the increasing spring plankton bloom. 
Consequently, the krill fishery in Subarea 48.3 is usually closed in spring. On the whole, 
in spring the fishery in the Antarctic decreases or stops. By late spring, an increase in krill 
catches occurs at the expense of Subareas 48.1 and 48.2. 

Small scale fishing operations are also conducted in other sectors of the Southern 
Ocean, particularly in the Sodruzhestra Sea (Area 58). Fishing operations are carried out 
in this area only in summer, due to preclusive ice conditions there throughout the rest of the 
year. 

2.2 Fishing Regime and Its Implementation 
in a Given Region 

To ensure high efficiency and stable catches in the krill fishery, scouting operations 
are conducted by special vessels in each region at the beginning of the fishing season. These 
vessels gather data on the size of krill concentrations, their location and probable stability, 
and inform the fishing fleet. Single concentrations or groups of concentrations are detected, 
assessed and outlined. Moreover, hydroacoustic and regular control trawling surveys are 
conducted for scouting purposes. Research vessels can participate in these tasks since the 
main purpose of research vessels is to carry out multi-disciplinary studies over the vast 
territory, including fishing grounds. 

As a rule, data obtained by research vessels are used by the commercial fleet. 
Multidisciplinary studies make it possible to meet the current requirements and to 
consolidate data on yearly and seasonal variations in krill abundance with reference to 
environmental conditions. 

Fishing vessels exchange information to determine precisely fishing conditions and to 
elaborate tactics for optimum and most stable fishing regime. 

Besides data on catches and areas where the catches are taken, fishing vessels should 
receive information on vertical distribution of crustaceans, dynamics of their diurnal 
distribution, daily and long-term fluctuations in the density of crustaceans in single 
concentrations and in the whole area. These parameters, as well as general biological 
characteristics of krill (size composition, maturity, amount of food in stomachs), are liable 
to substantial seasonal fluctuations in krill availability which should be taken into account 
in fishing operations. Substantial fluctuations may be observed during the fishing season. 

Scouting vessels, and to some extent research vessels, provide essential information 
to fishing vessels. Scouting vessels are obliged to explore regions adjacent to fishing areas 
with a view to future exploitation should fishing conditions deteriorate in areas of current 
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fishing operations. Scouting vessels themselves often work in the fishing regime to find out 
whether detected concentrations are suitable for commercial exploitation. 

2.3 Seasonal Operations of a Krill Trawler 

The scouting vessel Globus, which took krill in the fishing regime in the Sodruzhestra 
Sea (Area 58) in February-April 1984, is taken as an example. In the Sodruzhestra Sea, 
large-scale concentrations usually occur, however, they are very unstable. Fishing 
operations in this area are always combined with scouting. In accordance with its objective, 
the vessel combined scouting with fishing for krill. The main working schedule of this 
vessel is typical enough for fishing operations in high latitudes. 

Primary areas in which trawl catches were taken are indicated in Figure 2. Three 
areas are subdivided into regions (indicated by letters). Thus, there are 11 areas and 
regions of the operation which are marked in chronological order. Scouting operations were 
carried out in all areas. Krill was detected by an echosounder and hauls were made if records 
were reliable. Due to the experience gained, the identification of hydroacoustic records and 
the assessment of concentration densities were well organized. Catches were not less than 
one tonne per haul. At the same time, long hauls (over 3 hours) were made when dispersed 
concentrations were recorded and large catches were also taken. When stable concentrations 
were detected, hauls became shorter. 

Catches taken in each area and region are plotted against the time of day (without 
calculating CPUE) (Figure 3). The duration of each haul is represented by four grades (see 
symbols in Figure 3). The fishing regime, in particular the duration of hauls, changed both 
by regions and seasons because of differences in krill distribution and catch processing 
objectives. 

In the largest Area I (2-29 February) scouting operations predominated. Krill 
concentrations were dispersed over the vast area. There were no regular hauls: as a rule, 
hauls at the start were long and consequently large catches were taken. It was characteristic 
that at night very long hauls had resulted in catches of 7-10 tonnes (e.g. region A1). It 
should be noted that the tendency continued and night fishing was stopped. Scouting 
operations accounted for a lot of time in region B1 (12-20 February) and appeared to be 
more successful with about half the hauls lasting one hour (see Figure 3). The obtained 
catches (4-8 tonnes) were enough to satisfy the demands of krill processing. It should be 
emphasized that larger catches were often avoided because of processing limitations. The 
transition to the stable optimum fishing regime occurred between 20 February and 
29 February in region 1 C where all but six hauls were carried out in the optimum regime 
(less than 1 hour, see Figure 3). 

When fishing operations were moved to Area 11 (29 February-8 March) and Area III 
(8-31 March) the optimum regime was kept, but in regions IIIB and IIIC concentrations 
lacked stability and high density owing to the earlier onset of the biological autumn and its 
subsequent effects on krill populations and the whole plankton community. Changes in 
conditions caused an increase in the duration of some hauls, but the bulk of hauls remained 
short. 

In Area IV and especially in Areas V and VI, krill fishing was relocated northwards at 
later dates. Therefore, krill catches there were rather small even when long hauls were 
used. This was most characteristic of Area V where there were no catches exceeding 7 tonnes 
for hauls over 3 hours. In Areas V and VI, there were no hauls of one hour or less. At that 
time, the most successful operations were conducted in Area VI where concentrations 
appeared to be larger than in Area V, but the optimum catch level could not be reached due to 
unfavourable weather conditions. 
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We can see that the sequence of changes in the fishing regime undertaken to obtain the 
optimum level is clearly followed through seasons. This is explained not only by different 
times spent on scouting operations but also by the stability of concentrations themselves. 
The transition from Area II to Area III and from Area III to Area IV was associated with a drop 
in the density of krill concentrations. 

Notably, only hauls of one hour were practiced within the optimum fishing regime. 
Moreover, if differentiated by minutes, the majority of hauls were much shorter. 
Sometimes, to get the optimum catch of 3-8 tonnes, it was enough to haul for 15 minutes or 
less (see Table 1). 

In conclusion it should be indicated that in other areas of the Scotia Sea fishing 
operations conducted in the optimum regime similar to that described above, continued for 
about 2-3 months. This was associated with the fact that these areas were in low latitudes. 

3. THE APPLICATION OF FISHERY STATISTICS TO STUDIES 
OF DISTRIBUTION AND BIOLOGY OF ANTARCTIC KRILL 

Data from commercial vessels could be used to some extent in studies of krill 
distribution and biology. However, difficulties arise when attempts are made to assess 
quantitatively krill distribution and abundance in areas of different size This primarily 
concerns catch data which are necessary for simulation studies of krill distribution based on 
CPUE data from commercial vessels. Catches by the latter, as mentioned above, are not 
regular and fluctuate for various reasons. 

From a seasonal point of view, fishing operations are made difficult or even 
impossible due to unfavourable weather (and ice) conditions. Even if commercially fishable 
krill concentrations are found, the unfavourable weather (ice) conditions could prevent 
vessels from making productive hauls. The appearance of "green krill" in catches brings 
about a drop in fishing intensity and catches. Catches can vary in the case of temporary 
dispersion of krill in a particular fishing area associated either with hydrological factors or 
with natural life patterns of crustaceans. Catches would fluctuate in all these cases but the 
total biomass of krill in a certain area might remain unchanged. 

Catch data from vessels which fish for stable krill concentrations on the contrary 
could be used in estimates and assessments. However, in this case, each haul is short and 
catch per haul does not correspond to actual abundance of krill in a certain area. The use of 
the correction factor for calculating a universal effort unit (e.g. for one hour) might cause 
the constant over-estimation of totals (over 36-38 tonnes per one hour haul). Sometimes 
such catches were registered during fishing and particularly during scouting operations. It 
is doubtful whether regular adjustments to an averaged haul duration should be made under 
the described conditions. The adjustment to CPUE data taken from areas similar to regions IIA 
and liB (see section 2.3) would naturally result in highly inaccurate biomass estimates. 

The duration of hauls often depends on echosounder operation. If echosounder 
recordings are interrupted the trawl is usually lifted. Under these circumstances it is 
unreasonable to continue trawling. The re-calculation of results of such hauls, which are 
usually shorter than one hour, would inevitably cause the over-estimation of the catch and 
consequently the biomass. 

Fully comparable are the hauls of the same duration (about half an hour or one hour). 
Their comparability does not depend on existing limitations because the thickness of the 
concentration layer is controlled by echosounders. 
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Thus, it is evident that several independent variables (fishing tactics, fishing regime 
of a vessel, krill distribution properties, the extent of its dispersion, etc) distort 
assessments of the density of krill concentrations in a given area. That is why CPUE data 
reported by fishing vessels, could not be an objective indicator of krill abundance. To 
discover and to take into account these factors in every case is a problem which sometimes 
could not be solved. Therefore, simple CPUE statistics taken at any scale would supply 
deliberately distorted results. 

Seasonal catch variables reflecting the extent of stability of krill concentrations are 
of interest for biological studies, particularly studies of small-scale distribution patterns 
and distribution dynamics in relation to krill physiological conditions. These data together 
with data on daily fluctuations of krill distribution in the water column provide substantial 
information about variations in krill concentrations. Repeated transects of the vessel 
engaged in fishing through a concentration supply detailed information about its shape and 
size. 

Biological samples obtained from krill catches from a certain group of concentrations 
supply a valuable information about seasonal fluctuations in physiological conditions of 
crustaceans. 

It should be emphasized that for the majority of biological problems, optimum 
results could be obtained only by the combination of these data with results of observations 
of scouting and research vessels which carry out multi-disciplinary surveys of vast areas 
including fishing grounds. 

4. CONCLUSIONS 

The presented information on practical work of the USSR commercial fishing vessels 
appears to be insufficiently detailed when compared with a similar document submitted by 
Japanese scientists (Ichii, 1987). Routine reporting system of the USSR fishing vessels 
makes it impossible to compile a document with detailed information on the working regime 
of a particular commercial vessel for all stages of the cruise. There are no biologists aboard 
these vessels to collect and properly report comprehensive information. 

In the 1987/88 season a biologist joined the crew of one of the Soviet fishing vessels 
which took and processed krill. He was assigned to collect fishery statistics, the analysis of 
which would facilitate compilation of a detailed report on all aspects of krill trawler 
activities. 

It should be noted that data reported by fishing vessels could hardly provide a 
satisfactory as background information for the assessment of krill large-scale distribution 
and stock status. This information would become, to a certain extent, more valuable if 
collected systematically by all fishing vessels. Unfortunately this appears to be impossible, 
partially because of the absence of biologists onboard every fishing vessel. Moreover, Soviet 
scientists in general, believe that CPU E is neither the sole indicator to be used in 
simulations, nor the basic means of solving the abovementioned problems. 

It would be preferable to collect data simultaneously from scouting and research 
vessels which carry out specifically designed surveys. In this case, data will be similar to 
those collected under FIBEX (in case of improved methods) or under the USSR national 
program in the Sodruzhestva and Kosmonavtov Seas in 1984 (Bibik et ai, 1988). Thus, 
large areas could be covered by several vessels operating in accordance with standard 
methods and standard parameters. Data exchange, mutual data bank, co-ordinated data 
analysis at working group meetings etc., should serve as the basic means of solving both the 
abovementioned and other problems with a view to elaborating conservation measures and 
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principles of rational exploitation of Antarctic krill resources. Consequently, data from the 
fishery could be used as a supplementary, but not as the decisive element in all simulation 
models of krill fishery. 
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Table 1: Actual duration of hauls under the optimum regime of krill fishery (% from the 
number of hauls which lasted less than one hour in every area and region), 
February-April 1984. 

Area 
(region) 
see Fig. 2 

IB 

le 

IIA 

liB 

IliA 

IIIB 

Ille 

IV 

Time 

12-20.2 

20-29.2 

29.2-2.3 

2-8.3 

8-10.3 

10-23.3 

23-31.3 

31.3-1.4 

Duration of hauls in minutes 
below 1 5 - 3 0 3 0 - 4 5 45 - 6 0 

15 

4.5 36.4 36.4 22.7 

60.0 27.5 12.5 

86.7 13.3 

75.7 10.8 10.8 2.7 

70.0 10.0 15.0 5.0 

47.1 17.6 25.6 8.8 

13.8 41.4 44.8 

75.0 25.0 

Number 
of haul 

total 

22 

40 

1 5 

37 

20 

34 

29 

4 
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Figure 1: Spatial differentiation of Antarctic krill distribution range mapped by occurrences of 
concentrations. 

1 - northern boundary of the range; 
2 - northern boundary of the area of occurrence of krill concentrations; 
3 - boundary of subareas 

north subarea - the subarea of occurrence of unstable concentrations of the open sea, and 
south subarea - the subarea of occurrence of stable concentrations in the waters off the 
continent; 

4 - boundaries of areas of most stable and mass concentrations of krill (Parfenovich, 1982 and 
1985) ; 

5 - area of distribution of dispersed krill (no catches*); 
6 - area of distribution of krill concentrations with low density (catches below 1 Vh*); 
7 - area of distribution of krill concentrations with average density (catches 1-5 t/h*); 
8 - area of distribution of krill concentrations with high density (catches 5-30 t/h ); 
9 - area of distribution range inaccessible for observations of concentrations; 

* Catches taken by midwater trawls of research and scouting vessels. 
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Figure 2: Operation areas of scouting vessel Globus in the Sodruzhestva Sea in 
February-April 1984 (see keys in the text). 
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Figure 3: Catching regime of scouting vessel Globus which operated in the Sodruzhestva Sea in February-April 1984 by areas and 
regions (see Figure 2). Dates of operation are indicated in Table 1 or in the text. Key: tonnes per haul. 





Tableau 1 

Figure 1 

Figure 2 

Figure 3 

TaOJIHl..\a 1 

PHCYHOK 1 

PHCYHOK 2 

PHCYHOK 3 

Tabla 1 

Figura 1 

Legendes des tableaux 

Duree reelle des traits de chalut sous le regime optimal de peche de krill 
(% du nombre de traits de moins d'une heure dans chaque zone et region), 
de fevrier a avril 1984. 

Legendes des figures 

Differentiation spatiale de I'eventail de distribution du krill antarctique 
dressee sur une carte des concentrations. 

Zones d'operation du navire de reconnaissance Globus dans la mer du 
Sodruzhestva de fevrier a avril 1984 (voir cle dans le texte). 

Regime de peche du navire de reconnaissance Globus qui eta it en activite 
dans la mer du Sodruzhestva de fevrier a avril 1984, par zones et regions 
(voir figure 2). Les dates d'operation sont indiquees sur le tableau 1 ou 
dans le texte. Cle: tonnes par trait. 

3arOJIOBKH K TaOJIHllaM 

~eMCTBHTeJIbHa~ npO~OJI~HTeJIbHOCTb TpaJIeHHM npH 
OnTHMaJIbHOM pe~HMe npOMhlCJIa KPHJI~ (X OT KOJIHqeCTBa 
TpaJIeHHM. npO~OJI~aBIIIHXc~ MeHee O~Horo qaca), C lPeBpaJI~ no 
anpeJIb 1984 r. 

nO~nHCH K pHcYHKaM 

npOCTpaHCTBeHHa~ ~HlPlPepeHIlHaI..\H~ napaMeTpoB pacnpe~eJIeHH~ 
aHTapKTHqeCKOrO KPHJI~. OTMeqeHHa~ Ha KapTe CJIyqa~MH 

KOHlleHTpallHM. 

PaMOHbI paOOTbI nOHCKOBoro cY~Ha "Globus" B Mope Co~py~eCTBa: C 
lPeBpaJI~ no anpeJIb 1984 r. (CM. 0003HaqeHH~ B TeKCTe). 

Pe~HM Be~eHH~ npOMbICJIa nOHCKOBoro cY~Ha "Globus". 
paooTaBIlIero B onpe~eJIeHHbIX paMoHax MOp~ Co~py~ecTBa C 
lPeBpaJI~ no anpeJIb 1984 r. (CM. PHCYHOK 2). ~aTbI Onepal..\HH 
YKa3aHbI B TaOJIHlle 1 HJIH B TeKCTe. 0003HaqeHHe: TOHHbI 3a 
TpaJIeHHe. 

Encabezamientos de las Tablas 

Duracion real de los lances dentro del regimen optimo de la pesquerfa del 
krill (% del numero de lances cuya duracion fue menos de una hora en cada 
area y region), febrero-abril 1984. 

Leyenda de la Figura 

Diferenciacion espacial del rango de distribucion del krill antartico 
representado por la presencia de concentraciones. 
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Figura 2 

Figura 3 
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Zonas de operaci6n del buque de reconocimiento Globus en el mar de la 
Sodruzhestva , de febrero a abril 1984, (v ease clave en el texto). 

Regimen de capturas del buque de reconocimiento Globus que oper6 en el 
mar de la Sodruzhestva de febrero a abril 1984, por areas y regiones, 
(vease Figura 2). Las fechas de operaci6n se indican en la Tabla 1 0 en el 
texto. Clave: toneladas por lance. 
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SURVEY DESIGN TO ESTIMATE KRILL ABUNDANCE DURING FIBEX 

I. Everson, I. Hampton, G.M. Jolly 

Abstract 

One of the primary aims of FIBEX (First International BIOMASS 
Experiment), 1981 was to study the methodology for assessing the 
abundance of krill. The survey design used in the southwest Atlantic 
study area of the FIBEX is described in this papers. Sampling involved 
the use of echosounders for estimating krill abundance as well as 
collection of data on the size, density and distribution of krill 
swarms. In addition, information on surface water temperature, 
salinity and fluorescence as well as on seabirds was also collected. 
The study area was subdivided into several geographically distinct 
subareas in each of which randomly spaced transects were located. 
Subarea were treated as strata and a stratified random sampling 
method was used. The survey was done in two phases. In the first 
phase a fairly evenly dispersed subsample of transects was surveyed 
and these were also used to fix stratum boundaries. In the second 
phase the remaining transects were surveyed, using the stratum 
boundaries defined from the first phase. The design of the survey was 
directly related to the subsequent method of data analyses, some main 
aspects of which are discussed. The analytical formulae for the 
analyses are also presented. . 

Resume 

L'un des objectifs principaux de la FIBEX (Premiere expenence 
internationale BIOMASS), 1981 etait d'etudier la methodologie de 
I'evaluation de I'abondance du krill. Le modele de prospection utilise 
dans la zone d'etude de l'Atlantique sud-ouest est decrite dans ce 
document. L'echantillonnage a necessite I'utilisation d'echosondeurs 
pour estimer I'abondance du krill ainsi que la collecte des donnees sur 
la taille, la densite et la distribution des essaims de krill. En sus, des 
informations ont ete recueillies sur la temperature de I'eau de 
surface, la salinite et la fluorescence ainsi que sur les oiseaux de 
mer. La zone d'etude a ete subdivisee en plusieurs sous-zones 
geographiques distinctes, dans chacune desquelles des transects ont 
ete disposes au hasard. Ces sous-zones ont ete considerees comme des 
strates et une methode d'echantillonnage au hasard par couche a ete 
utilisee. L'etude a ete effectuee en deux phases. Dans la premiere 
phase, un sous-echantillon de transects, eparpilles de fa<,fon assez 
uniforme, a ete etudie et ceux-ci ont aussi ete utilises pour etablir 
les limites des strates. Dans la deuxieme phase, le reste des transects 
a ete etudie en utilisant les limites des strates etablies au cours de la 
premiere phase. Le modele de I'etude a un rapport direct avec la 
methode subsequente des analyses de donnees, dont quelques aspects 
importants sont discutes. Les formules analytiques utilisees dans le 
traitement des donnees ont aussi ete presentees. 
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Pe3IOMe 

O,llHOH H3 nepBeHlliHX 3a,llaq npOrpaMMbI FIBEX (IIepBbIH 

Me)K,lIYHapO,llHbIH aKCnepeMeHT BIOMASS), 1981 r., 6bIJIO 

H3yqeHHe MeTO,llOJIOrHH npH Ol..\eHKe qHCJIeHHOCTH KPHJI51. B 

aToH pa60Te onHCbIBaeTC51 nJIaHHpOBaHHe cbeMKH, 

HCnOJIb30BaHHoe B IOrO-BOCTOqHOM aTJIaHTHqeCKOM paHoHe 

HCCJIe,llOBaHH51 FIB EX. BbI60pKa BKJIIOQaJIa B ce651 

HCnOJIb30BaHHe rH,lIpOaKycTHQeCKHX npH6opoB ,lIJI51 Ol..\eHKH 

QHCJIeHHOCTH KPHJI51, a TaK )Ke ,lIJI51 c60pa ,lIaHHbIX 0 pa3Mepe, 

nJIOTHOCTH H pacnpocTpaHeHHH CKOnJIeHHH KPHJI51. KpOMe 

Toro, 6bIJIa co6paHa HH<popMaI..\H51 0 TeMnepaType 

nOBepXHOCTHoro CJI051 BO,llbI, COJIeHOCTH H <pJIyopeCl..\eHI..\HH, a 

TaK)Ke 0 MOPCKHX nTHl..\ax. IICCJIe,llyeMbIH paHOH 6bIJI pa3,l1eJIeH 

Ha HeCKOJIbKO reorpa<pHQeCKH 06oco6JIeHHbIX nO,llpaHOHOB, B 

Ka)K,lIOM H3 KOTOPbIX 6bIJIH npOH3Be,lleHbI rH,lIpOJIOrHQeCKHe 

pa3pe3bI Ha npOH3BOJIbHO BbI6paHHOM paCCT051HHH ,lIpyr OT 

,lIpyra. IIO,llpaHOHbI paCCMaTpHBaJIHCb KaK cTpaTyM, H 

HCnOJIb30BaJIC51 CTpaTH<pHI..\HpOBaHHbIH MeTO,ll npOH3BOJIbHOH 

BbI60PKH. CbeMKa npOH3BO,llHJIaCb no ,lIByM aTanaM. Ha 

nepBoM aTane no,ll Ha6JIIO,lIeHHeM HaXO,llHJIaCb paBHoMepHo 

paCCpe,llOTOQeHHa51 QaCTb npo6bI pa3pe30B, HCnOJIb30BaHHbIX 

TaK)Ke ,lIJI51 onpe,lleJIeHH51 rpaHHI..\ cTpaTYMa. Ha BTOPOM aTane 

o6CJIe,llOBaJIHCb OCTaBlliHeC51 pa3pe3bI npH HCnOJIb30BaHHH 

rpaHHI..\ cTpaTYMa, onpe,lleJIeHHbIX Ha nepBOM aTane. 

IIJIaHHpOBaHHe CbeMKH 6bIJIO Henocpe,llCTBeHHO CB513aHO C 

nOCJIe,llyIO~HM MeTO,llOM aHaJIH3a ,lIaHHbIX, HeKOTopbIe 

OCHOBHhle acneKThl KOTOPhlX 3,l1eCb o6CY)K,lIaIOTC51. TaK)Ke 

npe,llCTaBJI51eTC51 aHaJIHTHQeCKa51 <popMYJIa ,lIJI51 aToro aHaJIH3a. 

Resumen 

Uno de los objetivos principales del FIBEX (Primer Experimento 
Internacional de la BIOMASA), en 1981 fue el estudio de la 
metodologfa para evaluar la abundancia del krill. Se describe en este 
documento el diseno de la prospecci6n utilizado en el area de estudio 
del FIBEX en el suroeste Atlantico. El muestreo requiri6 el uso de 
ecosondas para estimar la abundancia del krill, asf como la 
recopilaci6n de datos sobre la talla, densidad y distribuci6n de los 
cardumenes de krill. Asimismo, se recogi6 informaci6n sobre la 
temperatura, salinidad y fluorescencia de las aguas superficiales asf 
como sobre las aves marinas. El area de estudio fue subdivida en 
varias subareas geograficamente distintas, colocandose en cada una de 
ellas transectos espaciados aleatoriamente. Se trat6 alas subareas 
como estratos y se utiliz6 un metodo de muestreo aleatorio 
estratificado. Se realiz6 la prospecci6n en dos fases. En la primera 
fase se prospeccion6 una submuestra de transectos dispersados de 
modo uniforme, los cuales se utilizaron tambien para determinar los 
limites del estrato. En la segunda fase se prospeccionaron los 
transectos restantes, utilizando los limites del estrato definidos en la 
primera fase. El diseno de la prospecci6n estuvo directamente 
relacionado con el metodo subsiguiente de analisis de datos. Se 
discuten algunos aspectos principales del mismo. Asimismo se 
plantean las formulas analiticas para el analisis. 



1 . INTRODUCTION 

Increasing interest in the marine living resources of the Southern Ocean has 
highlighted significant gaps in our knowledge of their basic ecology. This is particularly 
true of Antarctic krill (Euphausia superba). Against this background and in view of the 
developing fishery for krill it is necessary to provide a sound framework for future 
research. This has resulted in the formation of BIOMASS (Biological Investigations of Marine 
Antarctic Systems and Stocks). The principal objective of BIOMASS is to gain a deeper 
understanding of the structure and dynamic functioning of the Antarctic marine ecosystem as 
a basis for future management of potential living resources (SCAR 1977). 

Estimation of krill abundance was identified as being one of the key topics for study 
and this became one of the major investigations for FIBEX (First International BIOMASS 
Experiment). The primary aims of FIBEX (BIOMASS 1980a) were: 

1. To study the methodology for assessing the abundance of the total krill population. 

2. To map the distribution of krill in parts of the southwest Atlantic, southern 
Indian and western Pacific sectors of the Southern Ocean and if possible relate the 
distribution of krill to the distribution of water masses. 

3. To obtain a synoptic assessment of the abundance of krill in the south-west 
Atlantic sector of the Southern Ocean. 

It was anticipated that about 12 vessels from 11 nations might participate in the 
experiment. The coordinated multiship part of the study was scheduled to take 30 days. Two 
main areas were identified for study, in the southwest Atlantic and the southeast Indian 
Ocean. A greater level of sampling activity per unit area was expected in the former area and 
this allowed a more sophisticated survey design, described here, to be used. 

2. SAMPLING PROGRAMME 

Underway sampling centred on the use of echosounders for estimating krill abundance 
and also providing information on the size, density and distribution of krill swarms. The 
requirements in this field were as follows: 

1. Data should be integrated along the shortest track interval that practical 
limitations allow (generally this interval would be one nautical mile). 

2. Data should be reported as mean volume back-scattering strength. 

3. The depth, size and density of swarms should be estimated either by processing of 
digitised echosignals or from examination of echocharts with respect to 
integrator output. 

4. The operating frequency of echosounders should be between 50 and 200 kHz. The 
standard frequency would be 120 kHz. 

In addition, underway observations were requested for surface temperature, salinity, 
fluorescence and observations on seabirds. 
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3. SURVEY DESIGN 

3. 1 Anticipated Distribution of Krill 

Published information indicated that krill would be distributed northwards from the 
pack ice zone (Marr 1962; Mackintosh 1973) with the abundance decreasing rapidly some 
distance from the ice edge. 

3.2 Selection of Transects 

The design used in the Atlantic Sector of the FIBEX survey was that recommended in 
BIOMASS (1980b). The Sector was subdivided into several geographically distinct subareas 
(Figure 1) in each of which parallel, randomly spaced sample transects were located. 
Subareas were treated as strata, the result being a stratified random sample of transects 
analysable by standard statistical methods as recommended, for example, by Cochran 
(1977). 

For a given subarea (stratum) the direction of transects was chosen to run across the 
direction of ocean currents and thus across the probable contour lines of krill abundance. 
Generally, therefore, transects tended to run north/south, the northern boundary of a 
stratum being determined by the limit of the krill population. Since this limit had to be 
defined during the survey, the pre-determined sample of transects was surveyed in two 
phases. 

In the first phase a fairly evenly dispersed subsample of transects was surveyed and 
these were also used to fix stratum boundaries. The second-phase transects, that is, selected 
transects not surveyed in the first phase, were surveyed on the return journey to base, 
using the stratum boundaries defined from the first phase. This meant that second-phase 
transects tended to be shorter than first-phase transects, which gave strata of the shape seen 
in Figure 2, the procedure being unbiassed as far as estimation of krill population was 
concerned and efficient inasmuch as no transect data had to be discarded. In practice, in 
order to achieve the maximum of survey time in the total available time (about 30 days) 
each Chief Scientist made calculations throughout the survey as to how many transects could 
be included in the time remaining, deleting transects as necessary from the list according to 
pre-assigned random numbers. 

A further advantage of the two-phase system was that it allowed a larger number of 
transects to be sampled in strata of apparently higher density, thus further increasing 
sampling efficiency (see Cochran 1977). 

3.3 Associated Analysis 

Since the design of a survey has a direct bearing on the subsequent method of data 
analyses, some comment on this is desirable here. The main considerations are: 
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1. Assuming that an unbiassed estimate of mean krill density can be obtained for 
each sampled transect, the design is capable of providing an unbiassed estimate of 
density for each stratum. 

2. Stratification ensures that major sources of variation are eliminated from the 
overall estimate of mean density for the region. 

3. Randomisation ensures that (a) an unbiassed estimate of the variance of mean 
density is obtainable, and (b) the possibility of bias, such as might arise if 



equally spaced transects were to coincide with a periodicity in the krill 
distribution, is eliminated. 

4. By taking account of the different lengths of the sampled transects, the variance 
can be further reduced. The appropriate method for the present circumstances is 
a ratio-to-size estimate in which transect means are weighted by their length in 
calculating the stratum mean. Although, in general, ratio estimates are subject 
to small-sample bias, it can be shown that this bias is zero when the ratio of the 
observed variate (biomass) to the supplementary variate (transect length) for a 
particular sampling unit (transect) is uncorrelated with the supplementary 
variate; these conditions can be assumed to apply here as density is unlikely to be 
related to transect length. This source of bias was considered negligible in the 
present survey. For a detailed discussion of ratio estimation the reader is 
referred to Cochran (1977) or other standard texts on sampling methods. 

5. Confusion sometimes arises when a variance is estimated from a sum of squares 
of deviations of transect means from the stratum mean, the procedure is so 
simple that it is thought not to take account of serial correlations between or 
within transects or of other features of the distribution pattern (for example, 
aggregations). Such a belief, of course, is wholly incorrect. These methods make 
no assumptions whatever as to distribution patterns and are entirely valid for 
any population, provided of course, that selection of transects is at random 
within a stratum. A full account of the analytical methods used is given in 
BIOMASS (1985) . 

. 4 . ANALYTICAL FORMULAE 

The surveyed area contains J strata whose individual areas are denoted by Aj • Each 
stratum is composed of K transects and each transect contains M distance intervals. The 
useable length of one of the transects is therefore given by the formula: 

Mk 
Lk = L (Dk)m 

m=1 

The mean weight density for each transect is given by the formula: 

1 Mk 
Wk -- L (Wk)m' (Dk)m 

Lk m=1 

The mean weight density within a stratum is given by the formula: 

K 
L Wk' Lk 

k=1 
Wk = 

K 
L Lk 

k=1 

and the mean weight density for J non overlapping strata is given by the formula: 
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W = 

J 
1: (Wk)j Aj 
j=1 

The variance of the within stratum mean weight density (Wk) is given by the formula: 

K 
K • 1: (Wk - WK)2 Lk2 

k=1 

K 
(K-1) • (1: Lk)2 

k=1 

The deviation of these formulae is given fully in BIOMASS (1986). 

5. FIELDWORK 

A total of 10 ships from Argentina, Australia, Chile, France, Federal Republic of 
Germany, Japan, Poland, South Africa, the USA and the USSR participated in the FIBEX 
acoustic survey. This allowed full coverage of virtually the whole area initially planned 
with the exception of the South Georgia subarea, allotted to the UK who withdrew due to 
mechanical breakdown of RRS John Biscoe. A part of the South Georgia subarea was covered 
by scientists from the USSR on the research vessel Odyssee. 

Inevitably the FIBEX survey generated large datasets which are being analysed by 
several groups. A resume of the datasets has been published (Hempel 1983) while a detailed 
analysis on abundance estimation has been prepared (BIOMASS 1986). 
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Figure 1: Proposed FIBEX survey areas in the Southwest Atlantic sector of the Southern 
Ocean (BIOMASS 1980a). 
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Figure 2: Example of a survey subarea at the end of the primary phase (after BIOMASS 
1980b). Phase 2 transects would be run only in the anticipated high density 
stratum between the pack ice boundary and the northern limit of abundant krill. 
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Figure 1 

Figure 2 

PHCYHOK 1 

PHCYHOK2 

Figura 1 

Figura 2 

Legende de la figure 

Zones d'etude proposees de la FIBEX dans le secteur sud-ouest Atlantique de 
I'ocean Austral (BIOMASS 1980a). 

Exemple d'une sous-zone d'etude a la fin de la phase primaire (apres 
BIOMASS 1980b). Les transects de la Phase 2 ne seraient effectues que 
dans la strate de haute den site anticipee entre la limite de la banquise et la 
limite nord du krill abondant. 

TIO.llnHCH K pHcYHKaM 

TIpe.llJIaraeMble pafloHbI CbeMKH (FIBEX) B IOrO-3ana.llHOM ceKTope 
IO)I(HOrO OKeaHa (BIOMASS 1980a). 

TIpHMep CbeMKH nO.llpaflOHa B KOHQe nepBH'lHOfl CTa.llHH (nocJIe 
BIOMASS 1980b). TIonepelIHble pa3pe3bI OY.llYT ocymeCTBJIeHbI 
TOJIbKO B npe.llnOJIaraeMOM CJIoe BbICOKOfl nJIOTHOCTH Me)l(.llY 
rpaHHQefl naKOBoro JIb.lla H ceBepHbIM JIHMHTOM OOHJIbHOrO KPHJI.H. 

Leyenda de la Figura 

Areas de prospecci6n FIBEX propuestas en el sector del Sudoeste Atlantico 
del Oceano Austral (BIOMASS 1980a). 

Ejemplo de una subarea de prospecci6n al final de la primera fase (despues 
de BIOMASS 1980b). Los transectops de la fase 2 se lIevar[an a cabo 
unicamente en el estrato de alta densidad anticipado entre el IImite del hielo 
a la deriva y el IImite norte de abundancia del krill. 
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TARGET STRENGTHS OF ANTARCTIC KRILL (EUPHAUSIA SUPERBA) 

I. Everson, D.G. Bone, J.L. Watkins and K.G. Foote 

Abstract 

The Mean Volume Backscattering Strength of encaged aggregations of 
swimming krill have been measured at 38 and 120 kHz in a sheltered 
bay at South Georgia. The results indicate that the Target Strength 
values are approximately 10dB lower than previously assumed. 

Resume 

Des concentrations encloses de krill mobile ont ete mesurees a 38 et 
120 kHz. Les resultats indiquent que les valeurs de la reponse 
acoustique sont nettement moins elevees que I'on supposait jusqu'a 
present. 

Pe3lOMe 

Cpe~H~~ CH~a o6paTHoro pacceHBaro~ero o6beMa 
nOMe~eHHbIX B ca~KH arperau,H11 n~aBaro~ero KPH~~ 
COCTaB~~~a 38 H 120 KrU, B cnoKotiHoM 3a~HBe IO)I{Hoti 
reOprHH. Pe3y~bTaTbI nOKa3bIBaroT, lITO Be~HlIHHbI CH~bI u,e~H 
6bI~H npH6~H3HTe~bHO Ha 10 ~eu,H6e~ HH)I{e, lIeM paHee 
npe~no~araeMble. 

Resumen 

Se ha medido la Fuerza de Retrodispersi6n del Volumen Medio de las 
agregaciones enjauladas de krill que nada a 38 y 120 kHz en una 
bahfa protegida en Georgia del Sur. Los resultados indican que los 
valores de la Fuerza de Blanco son aproximadamente 10dB mas bajos 
de 10 que previamente se habfa supuesto. 
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1 . INTRODUCTION 

Euphausia superba is recognised to occupy a key position in the Antarctic ecosystem 
(Everson 1987, Laws 1985). The attempt to quantify its abundance in 1981 over part of 
its area of occurrence in the Southern Ocean occassioned the "largest acoustic survey of a 
marine species ever undertaken" (Anon. 1986). Insofar as it was desired to derive absolute 
measures of stock strength by the traditional echo integration method (Forbes and Nakken 
1972, Johannesson and Mitson 1983), knowledge of the target strength is essential. 

The problem of the target strength of krill has long been troublesome (Everson 
1987). Firstly, only a few measurements on E. superba have been reported, and fewer 
applied, e.g., those by Protaschuk and Lukashova (1982) at 120 kHz and those by Nakayama 
et al. (1986) at 200 kHz. To supplement such measurements, recourse has been made to 
measurements on other krill species and fresh water shrimp, on tethered live, defrosted or 
otherwise preserved specimens, in fresh water as well as sea water. In addition the state of 
equipment calibration has generally not been reported, notwithstanding use of hydrophones, 
which method is fraught with errors and whose accuracy "is probably no better than 
±1.4 dB" (Blue 1984). This figure is much inferior to that readily obtainable with 
standard spheres (Foote and MacLennan 1984, Robinson 1984, Foote et al. 1987), which is 
now the accepted method of calibrating fisheries acoustics instruments. 

Recourse has also been made to model calculations, e.g., the scattering model of 
Greenlaw (1977) or radiation model of Kristensen (1983), to establish the frequency 
dependence of target strength. The latest calculations (Stanton 1988a, b), however, must 
cast doubt on the predictability of krill target strength by such models. 

It is the aim of this work to describe a new series of measurements of the target 
strength of E. superba, made in January and February 1988. These were performed on 
encaged, otherwise free-swimming aggregations of krill at 38 and 120 kHz. In anticipation 
of submitting a detailed account of the experimental method and analysis to a journal, these 
parts, to the extent that they are complete, are only summarized, the primary objective 
here being to orient. Likewise, the measurement results are presented without the broader 
analysis that is evidently required for their explanation. 

2. EXPERIMENTAL DESIGN 

Earlier studies on the target strength of euphausiids and other small crustaceans 
convinced the authors of the need to perform all measurements on the animal of interest, 
E. superba. The work of K0geler et al. (1987) was noted for its finding of systematic 
variations in density of euphausiids and the copepods Ca/anus finmarchicus and 
C. hyperboreus with size and season. The nominal density of these species, and that of 
E. superba too, is so close to the density of sea water that quite small changes can be very 
significant in the context of echo formation (Greenlaw et al. 1980). This is why it was 
necessary to travel south of the Antarctic Convergence, to where E. superba is found. 

Given the general weakness of acoustic scattering by euphausiids, with physical 
properties similar to those of sea water, it was widely desired to perform the measurements 
on known targets. This was the motivation for measuring encaged aggregations of krill. 

Several additional wishes contributed to the experimental design. Firstly, the 
recognised directionality of scattering by euphausiids (Green law 1977) persuaded the 
authors to attempt concurrent photographic measurements of behaviour during the acoustic 
observations. Secondly, the desire to characterise the physical properties of the object 
animal by laboratory measurements of density and longitudinal sound speed, among others, 
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made a shore base highly desirable. Thus it was that the measurement venue became a raft 
moored in the harbour of the abandoned, and sadly vandalized, whaling station at Stromness 
on the island of South Georgia. 

The decision to measure encaged aggregations of krill allowed a wealth of experience 
on encaged fish to be tapped, as represented in the bibliography in Foote (1986). In 
addition, an experiment in fisheries acoustics (Foote 1983) could serve as a model for the 
present experiment. This was mostly followed, the major exception being acoustic 
measurements on single animals. Although planned, these were precluded by the lowness of 
the krill target strengths, which was already obvious from the very first 
encaged-aggregation measurements. 

3. MATERIALS 

3.2 Experimental Site 

The primary measurements were made from a raft anchored securely 200 m from 
shore in 50-rn-deep water in the harbour at Stromness on South Georgia. The site was 
protected from the open sea by an island blocking most of the harbour mouth. Swell with 
amplitude up to 0.5 m did pass through, however. The site was subject to violent catabatic 
winds rushing down the large and open valley behind Stromness. These reached severe gale 
force on roughly one out of two days, and hurricane force about once a fortnight. Depending 
on the wind direction and temperature, the immediate surface layer in the harbour could 
become quite brackish owing to glacial runoff. However, this light-water layer was seldom 
thicker than about 1 m, and did not affect the conduct of the measurements, which were 
performed far below it. 

3.3 Krill Supply and Maintenance 

Although krill frequently occur around South Georgia, their presence in bays, such as 
Stromness, is unpredictable. Fresh supplies of good-condition, live krill were obtained by 
RRS John Biscoe at approximately fortnightly intervals throughout the experiment. Krill 
captured by trawling were immediately put into sea water-filled tanks on the trawling deck. 
Dead or damaged krill were removed from the tanks while the ship was at sea. Live, 
good-condition krill were transferred to the holding pens when the Ship returned to 
Stromness. 

This supply was augmented by fortuitous swarms of krill in the harbour. On each 
such occasion it was possible to attract the krill at night by surface lighting to the very edge 
of the holding pens, where they could be caught and transferred in the freshest condition by 
dip net. It was estimated that 500 000 krill were secured after about one hour on each 
occasion. 

The krill were kept in a cluster of four holding pens. Each was cylindrical in form, 
with 2 m diameter and 3 m depth. An air pump, driven by generator ashore, lifted water 
from 5 m depth to above the surface, where its fall into the pen entrained additional air. The 
rapid growth of algae on the sidewalls of the pens provided a source of food for the krill, 
which were frequently observed to be grazing on this. 

An enclosure net was hung around the holding pens, this and a fine-mesh covering of 
the surface openings protected the krill from predators, such as penguins and seals. 
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3.3 Cage 

Useful acoustic measurements were obtained with each of two identical cages. These 
were right octagonal cylinders of 0.5 m height and 0.5 m diameter measured across the flat 
sides of the octagon, measured between opposite sides. The volume was thus 0.104 m3• 

The material used in the construction was plastic netting of rectangular grid 
3.2 x 3.6 mm. This was procured from Internet Incorporated, Minneapolis, Minnesota, 
USA. The netting, product number ON-8360, is normally used in reinforcing paper, as for 
towelling. 

The cages were constructed by sewing, with monofilament nylon, pre-cut octagonal 
end panels of the mesh to the long edges of a pre-cut rectangular panel, which formed the 
sidewall. The sidewall was closed by sewing with the same monofilament nylon. 

3.4 Measurement Configuration 

The cage was suspended approximately 6 m below the transducers, which were 
mounted on a weighty frame from which other gear was suspended. The cage itself was 
suspended between two lightweight square frames, 3 m on a side. Lines of monofilament 
nylon were attached to each of sixteen corners. The upper eight were attached to a superior 
frame, the lower eight to the inferior frame. An underwater television camera was 
suspended from the inferior frame, pointing upwards "towards the cage. The entire rig was 
suspended by a single rope attached to the transducer frame and allowing raising and 
lowering by a winch attached to a gantry positioned over one of two identical 4 x 4 m square 
moon-pools on the raft. The normal operating depth of the transducers was 9 m. 

3.5 Acoustic Equipment 

It was desired to use the same kind of equipment for the measurements as is typically 
used during surveys. This was done with the SIMRAD EK-400 echosounder (Brede 1984a) 
normally used on board RRS John Biscoe. The echosounder was used in its dual 38 and 
120 kHz modes together with UNIVERSAL SONAR transducers, each with nominal 10 deg 
beamwidth. Integration of the squared echo signals was performed with the SIMRAD OD digital 
echo integrator (Brede 1984b). Both echosounder and integrator were housed ashore, in the 
laboratory, together with other equipment. This included a BAS system for display and 
logging of data. The cable link was entirely satisfactory. Additional acoustic equipment 
consisted of three calibration spheres; 60 and 23 mm diameter copper spheres and a 
38.1 mm diameter tungsten carbide sphere (Foote and MacLennan 1984). 

3.6 Photographic Equipment 

The principal photographic equipment that worked consisted of an underwater 
television camera and programmable videotape units for the display, recording and replay of 
the television images. 

A stereoscopic camera system was also suspended with the television camera. 
However, for a variety of reasons and in spite of arduous if Sisyphean labours, the system 
provided few data and none on the particular acoustically measured krill. 
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4. METHODS 

Measurements were made of encaged krill, empty cages, calibration spheres, and 
volume reverberation. Each series of measurements on a given object is referred to as an 
event. 

4.1 Echosounder Operation 

The acoustic measurements were generally made in the same way. Standard settings 
were used on the EK-400 echosounder. The time-varied-gain (TVG) function was the 
"20 log r" type. The pulse repetition frequency was a constant 50 pulses/m in, with 
alternating transmissions at 38 and 120 kHz. The nominal pulse duration in the 
measurements considered here was 1.00 ms. Attenuator and gain settings were adjusted 
depending on the measurement object. 

4.2 Echo Integration 

Integration of the squared received voltage was performed over the full range interval 
corresponding to echoes from the cage. This was [6.0, 8.0] m for nearly all measurements. 
The exceptional cases with krill involved Event numbers 54 and 55, when the cage was 
lowered 1 m, for which the integration interval was [7.0, 9.0] m. 

Results of echo integration were summed over intervals corresponding to either 0.2 
or 1.0 nautical miles at a simulated vessel speed of 10 knots, hence for 1.2 or 6 min, 
respectively. The cumulative numbers were divided by the interval duration and presented 
as "mean volume backscattering strength" in decibels (Brede 1984b). These values, 
together with those from other integration intervals, were displayed on a screen and stored 
on a BAS data logger at the end of each interval. 

4.3 Calibration 

On-axis calibration with standard spheres was performed throughout the experiment 
as often as circumstances permitted. In the absence of the cage, the sphere was lowered to a 
position intended to be at the centre of the cage. The echosounder and integrator were then 
operated as during the cage measurement. Adjustments of the attenuator and gain settings 
during several calibrations established the relative accuracy of these. 

To supplement the on-axis calibrations at cage depth, the spare tungsten carbide 
sphere was suspended at a fixed position below the transducers, but outside of the cage 
integration interval. This provided a ready means of monitoring the equipment performance. 

4.4 Empty Cage and Volume Reverberation Measurements 

Empty-cage measurements were also performed as circumstances allowed, but again 
covering the entire period of the krill measurements. Measurement of the water volume 
without cage, but with rig in place, established the general lowness of the volume 
reverberation. Continual monitoring with the underwater television camera confirmed the 
general absence of visible extraneous scatterers near the cage. The exceptions were provided 
by several occurrences of krill swarms in Stromness harbour, occasional occurrences of 
acoustically inevident ctenophores, and rare, brief visits by the odd Gentoo penguin or 
blue-eyed shag. 
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4.5 Beam-Pattern Mapping 

The tungsten carbide sphere was also used to map the transducer beam patterns. The 
adopted procedure was that due to Simmonds (1984), although with a deliberately lesser 
degree of automation. 

4.6 Krill Measurement 

Measurement of krill began with their capture in a holding pen, by a small dip net, 
with c. 100 cm2 opening, and transfer to a 100 litre tub half-filled with surface sea water. 
After reaching the predetermined number, more or less, the tub wa~ ferried to the 
measurement raft. Here the krill were introduced into the cage, this having been raised to 
the surface the krill were syphoned in through a slit in the top panel. Handling of the krill 
was thus minimal, and their apparently vigorous condition was continually confirmed by 
television. Emptying of the cage proceeded through a slit in the bottom panel. Both slits 
were secured by threading monofilament nylon through reinforced meshes on the sides of the 
opening. 

Upon completing an encaged-krill measurement series, the krill were transferred to 
the laboratory in a tub with sea water. On average, about half of the krill continued 
swimming vigorously, and nearly all showed signs of life, although the overall condition did 
vary considerably from event to event. Some of the krill were used in measurements of 
sound speed, as in K0geler et al. (1987), but with recognition of the error in their 
equation, evidently copied from Equation (3.3) in Kristensen (1983). The salinity of the 
sea water was measured, and the temperature was monitored continually during the sound 
speed measurements. Measurements of total length of krill and wet weight were performed 
on the samples used for sound speed measurement and sometimes also on samples taken 
directly from the tub. 

The total number of krill removed from the cage was also determined. This was 
generally less than the starting number by a few percent, presumably owing to cannibalism. 
In the worst case, Event number 36, the initial number was reduced by 7%, but over a 
42-hour period. In another case, Event number 20, the number increased by two 
specimens, believed entrapped by the cage during intense swarming observed in the harbour. 

A Plessey CTD-sonde was suspended at the nominal 15-m depth of the cage, but from 
the second moon-pool reserved for such measurements. When working, both salinity and 
temperature were recorded at 15-second intervals throughout the day. In addition, the light 
intensity at the same depth was recorded at 2-minute intervals. 

5. DATA ANALYSIS 

The first step in the analysis was to decide which data were usable. Whole events 
with encaged krill had to be purged for the following reasons: (1) early use of wrong 
integration limits, (2) distortion of the cage, with displacement from the usual position in 
the beam, due to entangling of the cage suspension lines, and (3) damage of the cage, with 
mass escape of krill, owing to a presumed collision or attack by a seal. Half the data from 
another event, number 28, had to be purged because of severing of the lifting rope to the 
underwater rig in heavy-swell conditions. 

Data in the remaining events were purged very cautiously owing to these causes: (1) 
event start-up effects, always of short duration, (2) observed or presumed interference by 
extraneous scatterers such as fish, penguins, or krill swarms in the harbour attracted 
deliberately to the measurement raft by using underwater lights at night, (3) radio 
interference with the receivers during arrival of a yacht under motor power, and (4) trial 
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use of different echosounder settings or transducer beamwidths. For some events no data 
were purged, and for no event was as much as 15% of the data purged, except for the fourth 
cause. 

In order to extract target strengths or backscattering cross sections from the OD echo 
integrator data, the "mean volume backscattering strengths" had to be reduced. This entailed 
a number of analyses. 

( 1) Conversion factors. To express the echo integrator data as absolute quantities, 
the calibration data were reduced. Upon combining, the following factors were 
derived for adding to the logarithmic OD units: - 42.3 and -31.1 dB for the data 
at 38 and 120 kHz, respectively. The total range of variation of these factors 
was ±O.4 dB each. 

( 2) Time-varied-gain (TVG) corrections factors. Several errors were incurred by 
the use of TVG in the receiver. One is due to the rather short target range, 
6-7 m, for which the pulse length, 1.47 m, is not negligibly small. The other 
error is due to the distributed nature of the cage and krill aggregation, which is 
to be compared to the compactness of the calibration sphere. The extent of the 
cage, and krill aggregation too if so dispersed, was 0.5 m vertically and slightly 
more aslant as viewed from the transducer. For the particular "20 log r" TVG 
used throughout the measurements, the resulting correction factors are-
0.4 dB for the cage at nominal 6 m range and 1.0 dB for the cage at nominal 7 
m range. These figures apply at both frequencies. The estimated uncertainties 
of the correction factors, due to uncertainty in the precise target ranges, are 
±0.2 and ±0.1 dB at the respective 6- and 7-m ranges. 

( 3) Beam pattern compensation factors. The transducer beams were nonuniform 
across the cage and unaligned with the cage axis. Each beam center was inferred 
from the respective beam-pattern-mapping data by a least-squares procedure 
based on comparison with the theoretical beam patterns. Integration of the 
squared beam pattern over the cage cross section and normalizing this to the 
solid angle formed by the cage results in the following compensation factors: 0.9 
and 0.7 dB at 38 and 120 kHz, respectively, for the cage at nominal 6-m depth, 
and 0.7 and 0.6 dB for the cage at nominal 7-m depth. Estimated uncertainties 
due to uncertainty in both measured and computed beam patterns are ±0.1 dB. 

Application of the three factors to the echo integrator data produces a series of 
numbers for the equivalent target strength of the krill and cage together. This is 
alternatively expressed through the backscattering cross section 0' by the standard relation, 
TS=10 log 0'/4 (Urick 1975), but with use of SI units. 

The cage contribution can be removed in two different ways. (1) Because of the 
availability of empty-cage measurements, these can be summarized, and the mean 
contribution can be subtracted in the appropriate intensity domain (Foote 1983). The 
effective cage target strengths in uncompensated OD units are -20.3 and -19.3 dB at 38 and 
120 kHz, respectively, with respective uncertainties of ±1.2 and ±1.4 dB. Following 
subtraction, averaging yields the mean backscattering cross section per krill. (2) The 
effective cage contribution can also be inferred by regressing the equivalent backscattering 
cross section of cage and krill on the number of encaged krill. The intercept is then the cage 
contribution, and the slope or regression coefficient is the mean backscattering cross section 
of a single krill. Both methods of compensating for the cage contribution are used. 
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6. RESULTS 

Some summary results of events with apparently usable krill data are presented in 
Table 1. The mean target strengths, denoted TS, are determined in the usual fashion. First, 
the mean backscattering cross section 0' is computed; then the mean target strength is 
derived from the definition TS=10 log 0'/4 . 

The mean krill target strength, denoted TS1 krill in Table 1, is determined by the first 
method of removing the cage contribution, viz. by subtracting the mean empty-cage 
contribution in the intensity domain. The missing datum, for Event number 54 at 120 kHz, 
reveals a flaw in the method if not in the data. Here the actual cage contribution must be less 
than the number assumed for it. Indeed, the echo strength of cage and krill together is less 
than the mean cage contribution. 

Curiously, or not, the equivalent target strength at 38 kHz of cage and krill together 
for Event number 54 is greater than that for Event number 55, although the second has 
twice the number of krill of the first. Given the proximity of the events, their data are not 
used in the analyses reported in Table 2. 

The results of averaging the corresponding single-krill backscattering cross sections 
in Table 1 is shown in the 'subtraction' row of Table 2. The coefficient of variation of 0' is 
included together with the mean target strength. The additional quantities are defined thus: 
TS 1 ,2=1 0 log (O'± .1O'}/4 . 

The equivalent mean target strength of cage and krill together is denoted TScage+N krill 

in Table 1. Regression of the corresponding backscattering cross section on N allows 
derivation of 0' for one krill through the regression coefficient. This is shown in the 
'regression' row in Table 2. The coefficient of variation in this case is formed by expressing 
the standard error of the regression coefficient as a percentage of the regression coefficient, 
namely 0'. 

The analyses reported in Table 2 have been repeated for another subset of the data in 
Table 1. This excludes the data with rms lengths greater than 34.0 mm. The results are not 
significantly different from their antecedents. Specifically, TS decreases by 0.2 dB at each 
frequency for the 'subtraction' method, while remaining unchanged for the 'regression' 
method. The rms length for the two subsets are 33.2 and 31.6 mm, respectively. 

7. DISCUSSION 

If the reader is looking for a simpler answer to the problem of krill target strength 
than is contained in Table 2, then so are the authors. The discrepancy between the respective 
results is uncomfortably, if not discomfitingly, large. 

It is to be admitted at once that the present analysis is incomplete for other data from 
the experiment have not yet been analysed. These include videotape recordings of the krill 
distribution across the cage, other notes on the behaviour and condition of the encaged krill, 
data on the light intensity at the cage depth, and measurements of longitudinal sound speed 
and density of krill removed from the cage. 

The importance of behavioural data derives from the recognition of krill as a 
directional scatterer (Greenlaw 1977). As is the case with another directional scatterer, 
commercially important fish at ultrasonic frequencies (Nakken and Olsen 1977), 
systematic changes in tilt angle distribution can have dramatic effect of target strength 
(Foote 1980, 1987). 
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At the outset of the experiment it was the authors, firm intention to collect data on the 
tilt angle distribution of the encaged krill. However, the stereoscopic camera system failed 
utterly to provide any data bearing on the measured krill. 

Clues to possible behavioural effects may be found in the video tape record. A 
quantitative image analysis by one of the authors (JLW) is underway. 

The record of light intensity at cage depth may also elucidate a major determinant of 
behaviour, if applicable to encaged krill. This is pure speculation at the moment, but 
correlation with the quantified videotape data or, better, acoustic data themselves, may 
prove this. 

Condition could also be a critical factor affecting or determining target strength. 
While the quality of encaged krill was often excellent, those krill caught at sea by trawling 
had a distinctly higher mortality than those caught beside the holding pen by dip net. Only 
active swimmers were introduced into the cage, but the change in condition over the duration 
of an event was often considerable. 

This change in condition might be expected to affect the measurements in two ways. 
Firstly, the change in condition may have a behavioural consequence, as in changing the tilt 
angle distribution. Secondly, a changing condition may affect the physical properties of the 
animal, as is the case for fish (Gytre 1987). Since these are only slightly different from 
the respective properties of sea water under any circumstances, a small change in physical 
properties may have a very big effect of target strength (Greenlaw et al. 1980). 

A direct approach to the problem of the influence of krill condition on target strength 
is to analyse the acoustic record for time variations both within events and from event to 
event. In the case of intra-event comparisons, this could proceed by averaging the acoustic 
data over intervals of, say, several hours. The problem would be to distinguish variations 
due to changing condition from those due to diurnal or other strong effects. This problem 
might be circumvented through the search for inter-event differences, as, for example, 
among different events that used krill with the same origin. 

Some collateral, still unanalyzed data from the experiment that might shed light on 
the role of condition are those collected on density and sound speed. These data were planned 
for use in modelling work, but may serve a more immediate, interpretive function. 

The same is true with respect to extinction. A regression analysis of the single-krill 
target strengths on cage density has been performed. The results are marginally significant 
at the 0.10-0.05 level, but not at 0.02. Thus the phenomenon of extinction may be 
noticeable in the data, but determination of the extinction cross section must be rather 
uncertain. One thing that is certain about extinction is that if it was present to a significant 
degree, then it will require raising the computed means shown in Table 2. 

The mentioned analysis of extinction has been interesting for yielding quite large 
values for the extinction cross sections, compared to the mean backscattering cross sections, 
at both frequencies. This is not inconsistent with scattering theory. It may even be as 
revealing in its way as resonances are in other applications. Again, a fuller analysis should 
prove the point. 

Some other outstanding work of concern to the authors involves describing the 
various dependences of krill target strength. This is allied with the modelling effort, but 
also requires more data on acoustic, behavioural, and physical properties. An especially 
regrettable shortcoming of the experiment is the absence of gravid krill. Controlled acoustic 
measurement of these in a future experiment is unavoidable for addressing the general 
survey situation. 
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8. CONClUSION 

Notwithstanding the noted discrepancies in Table 2 and also the large uncertainties in 
estimated mean target strengths, the general finding of this study is clear. The target 
strengths of krill at 38 and 120 kHz are quite low compared to earlier assumed values. 
Justification for this may be found in basic scattering theory: small euphausiids, even 
E. superba, with physical properties only slightly different from those of sea water, cannot 
possess target strengths even remotely comparable to those of swimbladder-bearing fish of 
similar size, which has been the implicit assumption until now. 
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Table 1: Summary of krill target strengths by event. The respective sample size is denoted Ns. Each acoustic sample is 
the result of averaging over a 6-min interval at the effective PRF of 25 pulses/min. 

Krill lengths {mm} TS {dB} at 38 kHz TS (dB} at 120 kHz 

Event Mean no. -
no. 

1 7 
1 9 
20 
26 
28 
30 
36 
37 
43 
47 
50 
52 
54 
55 

Table 2: 

Duration krill N 121/2 1 M ns TS 1 krill TScage+Nkrill ns TS 1 krill TScage+Nkrill ns 

16h46m 496 39.2 38.9 4.4 458 - 84.1 -55.9 159 -75.9 -46.5 159 
15h22m 246 31.5 31.3 3.4 100 -82.6 -57.1 132 -74.5 -47.3 132 
23h16m 351 33.7 33.3 4.8 100 -82.8 -56.1 206 -76.2 -47.4 206 
23h 1m 752 30.5 30.4 2.4 300 -87.8 -57.3 202 -77.3 -46.2 202 
38h38m 390 29.7 29.6 2.2 100 -83.6 -56.4 189 -74.6 -46.3 189 
40h13m 458 34.9 34.8 3.2 200 - 85.1 -56.9 376 -74.8 -46.0 376 
42h31 m 1368 31.6 31.5 3.0 500 -85.5 -53.5 424 -75.6 -43.2 424 
18h13m 787 30.8 30.7 3.2 200 -88.0 -57.3 180 -76.5 -45.7 180 
37h 3m 398 33.0 32.9 2.8 200 -87.6 -58.8 164 -77.0 -47.5 358 
64h41m 1593 32.5 32.3 2.9 397 - 8 9.1 -55.9 318 -79.7 -45.7 298 
42h36m 850 31.1 31.0 2.7 200 -86.6 -56.1 232 -78.0 -46.3 411 
65h 5m 816 38.1 37.9 3.8 200 -84.2 -54.3 632 -75.4 -44.8 632 
62h44m 394 31.2 31.0 3.7 200 -86.9 -58.4 619 -50.2 619 
46h 7m 794 31.0 30.8 3.3 200 -88.3 -58.7 459 -80.7 -48.6 461 

Summary results for each of two methods of removing the empty-cage contribution based on the data in Table 1 
exclusive of those for Event numbers 54 and 55. 

38 kHz 120 kHz 

Method cr(mm2) cv(%) TS TS1 TS2 cr(m m2) cv(%) TS TS1 TS2 

Subtraction 0.039 47 -85.1 -87.9 -83.4 0.311 31 -76.1 -77.7 -74.9 
Regression 0.015 46 -89.4 - 92.1 -87.7 0.173 33 -78.6 -80.3 -77.4 





Tableau 1 

Tableau 2 

TaoJII1[(a 1 

TaoJII1[(a 2 

Tabla 1 

Tabla 2 

Legendes des tableaux 

Resume des reponses acoustiques du krill par cas. La taille de I'echantillon 
respectif est denotee Ns . Chaque echantillon acoustique est le resultat d'une 
prise de moyenne pour un intervalle de 6 minutes a une frequence effective 
de repetition de 25 pulsations/minute. 

Resultats resumes de chacune des deux methodes pour ater la contribution 
de la cage vide, bases sur les donnees figurant au Tableau 1, a I'exclusion de 
celles sur les cas numerotes 54 et 55. 

3arOJIOBKI1 K TaOJII1[(aM 

CBO,l:{Ka ,l:{aHHbIX OT ,l:{eJIbHbIX 3aMepoB aKycTJ11IeCKOH CI1JIbI [(eJII1 

KPI1JIR CooTBeTcTBeHHbIH oObeM npoobI OTMe1.JeH Ns ' Ka)l(,l:{a.H 

aKycTI11.JeCKa.H npooa .HBJI.HeTC.H pe3YJIbTaTOM ycpe,l:{HeHI1.H no 

6-MI1HTepBaJIY npl1 ,l:{eHcTBYIOIIJ;eH 1.JaCTOTe nOBTOpeHI1.H I1MnYJIbCOB 
(PRF), KOTOpa.H COCTaBJI.HeT 25 I1MnYJIbCOB/MI1H. 

CBO,l:{Ka pe3YJIbTaTOB ,l:{JI.H Ka)l(,l:{OrO 113 ,l:{BYX MeTO,l:{OB BHeCeHI1.H 

nOnpaBKI1 Ha nYCTOH Ca,l:{OK, OCHOBaHHbIX Ha ,l:{aHHbIX TaOJII1[(bI 1, 3a 

I1CKJII01.JeHl1eM 3aMepoB 54 11 55. 

Encabezamientos de las Tablas 

Resumen de las fuerzas de blanco del krill en cada caso. El tamano de la 
muestra respectiva esta indicada Ns . Cada muestra acustica es el resultado 
de promediar sobre un intervalo de 6 minutos al efectuivo PR F de 
25 pulsos/min. 

Resumen de los resultados para cada uno de los dos m'todos de retirar la 
contribuci6n de la jaula-vacia basada en los datos de la Tabla 1, excepto los 
datos para el Caso, numeros 54 y 55. 
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PATTERNS AND PROCESSES IN THE DISTRIBUTION AND DYNAMICS OF 
ANTARCTIC KRILL 

S.A. Levin, A. Morin and T.M. Powell 

Abstract 

A general framework is presented to develop, test and integrate 
component models of the distribution and dynamics of Antarctic krill 
population at various spatial and temporal scales. We suggest that 
models of increasing complexity be developed iteratively for 
variability and patchiness of krill abundance. Incremental models 
should then be compared to statistical descriptions of the observed 
distribution patterns at various scales of observation to ascertain the 
plausibility of the model and identify critical processes to be added. 
An analysis of spatial distribution of krill in the Bransfield Strait 
area reveals that purely physical models of turbulent redistribution 
are not sufficient to explain krill distribution at small scales. We 
therefore propose to develop a modified diffusion-reaction model 
incorporating spatially variable growth rates of krill, krill loss 
rates due to predators, and density-dependent attraction of krill to 
account for the small-scale aggregations. 

Resume· 

Une structure generale est presentee afin de developper, de tester et 
d'integrer des modeles constitutifs de la repartition et de la 
dynamique de la population du krill antarctique cl differentes echelles 
spatiales et temporelles. Nous suggerons que soient developpes d'une 
maniere iterative des modeles de complexite croissante portant sur la 
variabilite et la repartition irreguliere de I'abondance du krill. Des 
modeles incrementiels devraient ensuite etre compares aux 
descriptions statistiques des formes de repartition observees cl 
differentes echelles d'observation afin de determiner la plausibilite 
du modele et d'identifier les processus critiques cl ajouter. Une 
analyse de la repartition spatiale du krill dans la region du detroit de 
Bransfield montre que des modeles purement physiques de 
redistribution turbulente ne suffisent pas cl expliquer la repartition 
du krill cl de petites echelles. Nous proposons donc de developper un 
mode le modifie de diffusion-reaction incorporant les tau x de 
croissance du krill variables sur le plan spatial, les taux de perte de 
krill due aux predateurs, et I'attraction du krill en fonction de la 
densite pour expliquer les concentrations sur une petite echelle. 

Pe3IOMe 

npe~CTaBReHa oo~aR cxeMa pa3paooTKH. onpoooBaHHR H 
HHTerpal{HH O~HOKOMnOHeHTHhlX MO~eReYl pacnpe~eReHHR H 
~HHaMHKH nonYRRl{HH aHTapKTHqeCKOrO KPHRR no pa3RHQHhIM 
npocTpaHcTBeHHhIM H BpeMeHHhIM MaCIIITaOaM. MhI 
npe~RaraeM. QTOOhI B03paCTaIO~eYl CRO)l(HOCTH Mo~eRH 
MHorooopa3HR H HepaBHoMepHocTH pacnpocTpaHeHHR KpHRR 
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pa3paOaTbIBaJUlCb MTepaTMBHO, nO.SlBJUIIOllJ;MeC.SI BHOBb MO,aeJIM 
,a o JI)KHbI 3aTeM CpaBHMBaTbC.SI co CTaTMqeCKMM OnMCaHMeM 
HaOJIIO,aaBIIIMXC.SI KapTMH pacnpe,aeJIeHM.SI no pa3JIMqHbIM 
MaCIIITaOaM, no KOTOPbIM npOBo,aMJIMCb HaOJIIO,aeHM.SI, qTOObI 
OQeHMTb CTeneHb ,aOCTOBepHOCTM Mo,aeJIM M BbI.SIBMTb 
KJIIOqeBble npOQeCCbI, TpeOYIOIUMe BKJIIOqeHM.SI B Mo,aeJIb. 
AHaJIM3 npOCTpaHCTBeHHoro pacnpe,aeJIeHM.SI KPMJI.SI B paflOHe 
npOJIMBa BpaHcllmJI,aa nOKa3aJI, qTO qMCTO tPM3MqeCKOfl 
Mo,aeJIM TypOYJIeHTHOro nepepacnpe,aeJIeHM.SI KPMJI.SI 
He,aOCTaTOqHO ,aJI.SI OOb.SlCHeHM.SI MeJIKOMaCIIITaOHOrO 
pacnpe,aeJIeHM.SI KPMJI.SI. B CB.SI3M C 3TMM ,aJI.SI TOrO,qTOObI 
OOb.SlCHMTb CYIUeCTBOBaHMe HeOOJIbllIMX arperaQMfI KPMJI.SI, MbI 

npe,aJIaraeM pa3paOOTaTb ,aMtPtPY3Ho-peaKTMBHYIO Mo,aeJIb, 
BKJIIOqaIOIUYIO TaK)I(e M npOCTpaHCTBeHHble nepeMeHHble -

TaKMe, KaK TeMnbI pOCTa KPMJI.SI, CMepTHOCTb KPMJI.SI, 3aBMC.SIIUa.Sl 
OT XMIUHMKOB, M B3aMMHoe npMBJIeqeHMe KPMJI.SI, 
OOYCJIOBJIeHHOe nJIOTHOCTbIO CKOnJIeHM.SI. 

Resumen 

Se presenta una estructura general a fin de desarrollar, analizar e 
integrar los modelos componentes de la distribuci6n y dinamica de la 
poblaci6n de krill antartico a distintas escalas espaciales y 
temporales. Se sugiere la elaboraci6n de modelos de creciente 
complejidad en forma iterativa para la variabilidad y discontinuidad 
de la abundancia de krill. Se debera comparar luego los modelos de 
incremento con las descripciones estadlsticas de los patrones de 
distribuci6n obtenidos a distintas escalas de observaci6n para 
establecer la plausibilidad del modelo e identificar los procesos 
crlticos que de ban agregarse. Un analisis de la distribuci6n espacial 
de krill en el area del estrecho de Bransfield revela que los modelos 
puramente fisicos de redistribuci6n turbulenta no son suficientes 
para explicar la distribuci6n del krill a pequenas escalas. Por 
consiguiente se propone desarrollar un modelo modificado de 
reacci6n-difusi6n que incorpore los Indices de crecimiento del krill 
de variaci6n espacial, los Indices de perdidas del krill a causa de 
predadores, la atracci6n de krill dependiente de la densidad para 
explicar el porque de las concentraciones a pequena escala. 



1 . INTRODUCTION 

Among the important questions being addressed in scientific studies of living marine 
resources in the Antarctic are: 

1. How important are physical processes, such as the movement of fronts and 
sea-surface contiguous zones, in determining the distribution and dynamics of 
krill and fin fish? 

2. How important are biological factors such as predation and food availability? 

3. What is the interaction between spatial patterns and fishing behavior? 

4. How can theoretical approaches to stock assessment and prediction facilitate the 
estimation of the size of the resource, and aid in the development of optimal 
harvesting strategies? 

In the Antarctic ecosystems, as in other complex ecosystems, physical and biological 
factors interact to produce patterns of multiple spatial and temporal scales. The initial steps 
in the development of a quantitative theory of the Antarctic must involve an examination of 
those scales (Denman and Powell, 1984; Levin, 1988). Spectral analysis and other 
statistical approaches allow comparison of observed distributions of physical factors, 
primary producers, and consumers; mechanistic investigations provide complementary 
information on natural time and space scales for biological and physical processes 
underlying patterns. 

In the equatorial mid-Pacific, over the 2-50 km spatial scales, the range for which 
the best data are available for comparison with the Antarctic ecosystem, estimation of fractal 
dimensions of phytoplankton patches suggests that physical factors are the primary 
determinants of spatial pattern (Slice et al., 1988). Of course, it is quite a leap from the 
equatorial ocean to the Antarctic, but spectral analyses of data from the Southern Ocean lead 
to the same conclusion. We turn in the next section to an examination of the evidence. The 
implications are substantial, since if the proposition is accepted, it means that primary 
productivity can be modelled as, to a first approximation, a reflection of physical conditions. 

2. DISTRIBUTION OF TEMPERATURE AND FLUORESCENCE 

In various data sets taken from different regions of the Antarctic, the concordance 
between physical factors (temperature) and primary productivity (fluorescence) is 
excellent on intermediate and broader scales. Figure 1, reprinted from Weber et al. 
(1986), demonstrates the similarity of slopes in the spectral distributions of temperature 
and fluorescence in the Southern Ocean in austral summer 1981; the middle panels in Figure 
2 indicate strong coherence in the distributions. Weber et al. (1986) believe that the 
slightly steeper slope of the fluorescence spectrum, plus the strong coherence between 
fluorescence and krill (Figure 2), is evidence that grazing is a factor in the small-scale 
distribution of phytoplankton. We are not convinced, and in any case, regard physical 
factors as providing an adequate explanation of the fluorescence spectrum at least on 
intermediate scales (4-20 km). It is unfortunate that we do not yet have available 
comparable data for the Elephant Island-Bransfield Strait region. We hope to be able to 
obtain such data to strengthen our interpretation of krill distributions, reported in the next 
section. 

Our conclusion is that, to a first approximation, it is reasonable to regard 
phytoplankton abundance as determined by physical processes. Of course, this is based 
entirely on correlations; nonetheless, it is our null hypothesis. In our modelling approach, 
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this assumption will represent our baseline model. In later versions of the model, grazing 
will be allowed to modify the basic distribution. 

3. PRELIMINARY DATA ANALYSIS OF KRILL SPATIAL DISTRIBUTION 

Quantitative descriptions of krill spatial distribution are necessary for two purposes. 
The first is that the patterns revealed by those descriptions allow the formulation of the 
simplest models that can reproduce these properties. The second reason is that the 
descriptions of real spatial distributions will serve as standards to which to compare the 
output of the candidate models. 

The most useful analyses to date are those of Weber et al. (1986) discussed in the 
previous section and shown in Figures. 1 and 2, for the spatial distributions of temperature, 
fluorescence, and krill biomass in the Antarctic Ocean south of Africa. The power spectra for 
temperature and fluorescence, shown in Figure 1 and discussed in the last section, differ 
markedly from that reported for krill biomass. The variance of fluorescence and 
temperature declines with increasing wavenumber (decreasing wavelength). The slope of 
the relationship between the log variance and the log wavenumber approaches previously 
reported values for these quantities (Powell et al., 1975; Mackas, 1977; Steele and 
Henderson, 1977; Lekan and Wilson, 1978; Platt and Denman, 1980); these slopes were 
close to the -5/3 prediction of Kolmogorov (1941) for the inertial subrange of turbulence. 
In contrast, the krill power spectrum was almost flat, indicating an approximately equal 
variance at all scales. 

The description of Weber et al. (1986) implies that different mechanisms control 
temperature and fluorescence spatial distributions on the one hand, and krill distribution on 
the other. As suggested in the previous section, purely physical models may be sufficient to 
explain fluorescence spatial distribution (at least in the 2-20 km length scales of the Weber 
et al. study). However, such a model could not reproduce the krill spectral estimates; 
additional mechanisms must be invoked. 

If the description of Weber et al. (1986) were to hold for the Elephant Island­
Bransfield Strait region, it could serve as the basis for a preliminary model of that region. 
The submodel for primary productivity of algal biomass distribution would be primarily 
physical. The close correspondence of the spectral estimates for temperature and 
fluorescence suggests that grazing by herbivores has a minimal effect on algal spatial 
distribution. In contrast, a purely physical model for krill would be inappropriate since it 
could not produce the relatively high variability at small scales (high wavenumber). 
Although krill distribution undoubtedly is influenced by physical processes (such as 
advection and turbulence), other factors (presumably involving krill behavior) must be 
responsible for the high heterogeneity at small scales. Thus, a krill submodel would have to 
include additional mechanisms acting predominantly at small scales. 

The first step of this analysis was to examine, through spectral analysis, the krill 
biomass distribution in the vicinity of King George Island and then to compare the resulting 
power spectrum to the description of Weber et al. (1986) to determine whether the same 
type of spectrum can describe the krill distribution patterns in different areas. 

Acoustic data (provided by M.C. Macaulay), obtained 4-5 January 1987, aboard the 
RV Professor Siedlecki, were analyzed in the following way. The data tapes contained 
continuous reading of estimated average krill biomass (g m-3 ; 200 kHz estimates) at each 
meter of depth (range: 3-185 m) at a horizontal resolution of approximately 200 m for 
eight transects (Figure 3). Vertical profiles were summed to obtain an areal estimate of 
krill biomass (g m-2). The resulting traces were then subdivided into 16 series of 64 data 
points to be analyzed by spectral analysis. The power at each frequency for the 16 transects 
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then was summed, and normalized to the total power of the signal to obtain a normalized 
power spectrum (Figure 4). 

To facilitate comparison with the power spectrum of Weber et al. (1986), we also 
analyzed the data by first averaging areal biomass into 1 km bins, and subdividing the 
resulting series into traces of 20 data points. The power estimates then were treated as 
above to obtain an average power spectrum spanning the same scales as Weber et al. 
(Figure 5). 

The resulting spectra (Figures. 4-5) were closely similar to the published spectra 
for krill, but much less steep than that which commonly has been observed for fluorescence, 
salinity and temperature. There is a relatively high variability of krill biomass at small 
scales that apparently cannot be explained by physical processes alone. 

A second descriptor of spatial distribution, the semivariogram (see for example, 
Mackas, 1984), also was computed from the same data (Figure 6). The results indicate that 
the variability in krill biomass between pairs of data points is only a weak function of the 
linear distance between those points. The semivariance of log biomass does not vary 
significantly over most distances between points except for the smallest distances. This 
suggests that patch size (swarm size) is smaller than 200 m, the finest resolution of those 
data. 

A third, simple descriptor, the frequency distribution of biomass, was computed for 
the same data set (Figure 7). The resulting frequency distribution is biomodal and appears 
to be the mixture of two log normal distributions. About two-thirds of the observations 
(67%) can be attributed to the first lognormal distribution (mean log1o (biomass) = 0.18, 
SD = 0.49), and one-third to a second log normal distribution (mean = 1.76, SD = 0.51). 
These two distributions may correspond to the between- and within-patch biomass (mean 
biomass between patches = 2.8 g m-2, apparent mean biomass within patches = 115 g m-2). 

Note that the biomass within swarms may be substantially higher since it appears that most 
swarms have a diameter smaller than 200 m, and that the observed biomass is an average 
for a 200 m trace. 

4. COMPARISON OF DATA WITH THE PHENOMENOLOGICAL 
MODEL PREDICTIONS OF MANGEL 

As an example of how we intend to use these descriptions to evaluate the plausibility 
and adequacy of our models, we have reconstructed the "patch within patch" model of Mangel 
(1987) with minor modification to account for the low "background" biomass of krill. This 
model assumes that individual krill aggregate in swarms in surface densities of the order of 
300 g/m2, over a surface spatial extent on the order of 100 m. Swarms of krill are further 
aggregated into concentrations or patches over a large spatial extent of the order of 
10 nautical miles (=20 km). A concentration with a length scale of 15 nautical miles is 
assumed to have 8000 swarms of krill, randomly placed within the concentration. 

Transect data, similar to those analyzed above, were then extracted from the 
simulated krill spatial distribution, and the three descriptors calculated for 100 sets of 16 
transects of 64 points. The results are presented in Figure 8. Not surprisingly, the 
resulting frequency distribution (Figure 8a) is similar to the one observed for the real data. 
The semivariogram (Figure 8b) also is both qualitatively and quantitatively similar to the 
one obtained from real data. The power spectrum of simulated data (Figure 8c) also 
approximates the one observed for the real data, though it does not mimic the apparent 
curvature of Figure 4, especially at small scales. Overall, the simple model of Mangel 
appears to reproduce excellently the patterns observed with real krill biomass data. Of 
course, this model is phenomenological rather than mechanistic; it is useful as a descriptor 
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of observed patterns, and for evaluating the success of different fishing and sampling 
strategies. It does not provide a means of relating patterns to underlying processes. 

Obviously, a larger set of real data needs to be analyzed not only to produce more 
precise descriptions, but also to test whether the power spectra, semivariograms, and/or 
frequency distributions vary in a systematic fashion among the various subareas of the 
general Bransfield Strait-Elephant Island area. The same descriptors have to be obtained 
from the other relevant parameters of the integrated model: temperature, salinity, algal 
biomass, and density of krill predators. 

5. DEVELOPMENT OF A PROCESS-BASED MODEL 

Statistical analyses, such as those reported in the previous section, are a start, but 
are limited as devices for prediction. Without some understanding of mechanisms, we have 
no idea why correlations hold, or when they will fail (e.g., Lehman, 1986). Therefore, we 
seek to go beyond such statistical analyses, developing mechanistic explanations of observed 
patterns. 

Our basic approach is built upon modification of classical diffusion reaction models. 
However, that basic approach must be modified in a number of ways to take into account what 
is known about mechanisms. Thus, we alter the diffusion-reaction model so that: 

1. Krill growth rates are spatially variable functions of phytoplankton 
availability; 

2. Krill loss rates are functions of predator abundance; 

3. On broad scales, the assumption of diffusion is replaced by the inertial subrange 
of turbulence; 

4. On smaller scales, the assumption of diffusion is replaced for krill by models for 
aggregation, such as Kawasaki's (1978) model for long-range density-dependent 
attraction (see Morin et al., 1989). 

6 . MODEL IMPLEMENTATION 

The integrated spatial and temporal model outlined in the previous section relies on a 
large number of parameters that presently are unknown. The present data base does not 
suffice to formulate the model in a more quantitative form. Although the final model may 
require estimates of most of the parameters, we suggest using an iterative approach in the 
development of working models. 

In the first approximation, we still will assume that the physics determines the 
distribution and abundance of algae, and that krill distribution depends on algal availability. 
We further assume that krill consume an insignificant fraction of algal biomass, and that 
predators have a negligible effect on detailed versions of the model. For the first 
approximation, the driving forces thus will be found in the hydrographic data. The output of 
such a model will be compared to real data, both by looking at the large-scale distribution of 
krill obtained by the acoustic surveys and at the three spatial distribution descriptors 
(power spectra, semivariogram, frequency distribution), for temperature (or salinity), 
algal biomass, and krill. Discrepancies between the observed and simulated patterns will 
indicate the major inadequacies of this Simplistic model. It already is apparent that such a 
model will not reproduce krill distribution adequately, although it is less clear whether it 
will mimic its temporal variability. 
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The next (and improved) versions of the model will depend on the results of the first 
iteration. The second iteration will incorporate the krill aggregation model of Kawasaki and 
Okubo, and more detailed functions for the encounter rates. Subsequent iterations will 
include the grazing effect of predation by invertebrates, fish, and marine mammals. 
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Mean spectral plots for krill, in vivo fluorescence, and temperature. (From 
Weber et al., 1986). 
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Location of the transects used in the preliminary data analysis. 4-5 January 
1987. 
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Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8 

PllCYHOK 1 

PllCYHOK 2 

PllCYHOK 3 

Legendes des figures 

Correlations spectrales moyennes du krill, de la fluorescence in vivo, et de 
la temperature. (De Weber et al., 1986). 

Spectres de phase transversale moyenne et coherence carree de 
fluorescence-krill, temperature-fluorescence, et temperature-krill. Les 
barres verticales indiquent les limites de fiabilite de 95% en ce qui 

concerne les calculs carres de coherence moyenne (y ± (2.2) 
(S.D.m)). Afin d'etre clair, les Iimites de fiabilite de 
temperature-fluor et de temperature-krill ne sont montres qu'a une 
frequence calculee sur deux. (De Weber et al., 1986). 

Emplacement des transects utilises pour les analyses de donnees 
preliminaires. 4-5 janvier 1987. 

Spectres normalises d'intensite de Weber et al. (1986) pour la 
fluorescence et le krill, et spectres observes des donnees acoustiques sur le 
krill analysees. 

Spectres d'intensite du krill sur une echelle de 2-20 km observee dans 
cette analyse et par Weber et al. La moyenne de la biomasse du krill a ete 
prise sur 1 km. 

Semivariogramme de la biomasse du krill 10g1o (g/m2) avec une zone 
d'intervalles de confiance de 95% pour les donnees recueillies dans le 
detroit de Bransfield (4-5 janvier 1987). 

Distribution de frequences d'estimations 10g1o de la biomasse (g/m2) pour 
les donnees recueillies dans le detroit de Bransfield (4-5 janvier 1987). 

Distribution de frequences (a), semivariogramme (b), et spectre 
d'intensite (c) de donnees simulees utilisant le modele de "regroupements a 
I'interieur de regroupements" de Mangel (1987). 

TIo,[{nllCll K pllcYHKaM 

CneKTpaJIbHble rpa$llKll cpe,[{Hllx BeJIll1IllH ,[{JI5I KPllJI5I, in vivo 
$JIyopec~eH~llllll TeMnepaTypbI (no Be6epy ll,[{p., 1986 r.). 

CneKTpbI cpe,[{HeH Kpocc-$a30BoH II KBa'[{paTu4HoH KorepeHTHocTll 
,[{JI5I CooTHoIIleHllH $JIyopec~eH~ll5I-KPllJIb, TeMnepaTypa­
$JIyopec~eH~ll5I, II TeMnepaTypa-KpllJIb. BepTllKaJIbHble nOJIOCbI 
YKa3bIBaIOT Ha ,[{OBepllTeJIbHble npe,[{eJIbI, KacaIOilllleC5I o~eHOK 

cpe,[{HeH KBa'[{paTll1.JHOH KorepeHTHOCTll (y ± (2.2) (S. D:V12)). 
~JI5I 5ICHOCTll, ,[{OBepllTeJIbHhle npe,[{eJIhl ,[{JI5I CooTHoIIleHllH 
TeMnepaTypa -$JIyopec~eH~ll5I II TeMnepaTYPa -KPllJIb YKa3bIBaIOTC5I 
TOJIbKO Ha Ka)l(,[{OH BTOPOH BbI1.JllCJIeHHOH 1.JaCTOTe. (no Be6epy II '[{p., 
1986 r.). 

PacnOJIO)l(eHlle rll,[{porpa$ll1.JeCKllX pa3pe30B, llCnOJIb30BaHHblX npll 
aHaJIll3e npe,[{BapllTeJIbHbIX ,[{aHHbIX. 4-5 5IHBap5I 1987 r. 
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HOpMaJIFl30BaHHajI cneKTpaJIbHajI MOII.J;HOCTb "4aCTOTHoro 
pacnpe,l{eJIeHFljI ,l{JIjI q)JIyopecu;eHU;FIFI FI KpFlJIjI. no Beoepy FI ,l{p. 
<1986 r.}. FI nOJIY"4eHHble nYTeM HaOJIIO,l{eHFljI cneKTpbI ,l{JIjI 
npOaHaJIFl3F1pOBaHHblx aKycTFI"4eCKFlX ,l{aHHbIX no KPFlJIIO. 

TIOJIY"4eHHajI CBeoepoM FI ,l{p.} nYTeM HaOJIIO,l{eHFljI B 3TOM aHaJIFl3e 
cneKTpaJIbHajI MOIIJ;HOCTb "4aCTOTHoro pacnpe,l{eJIeHFljI ,l{JIjI KpFlJIjI 
no illKaJIe 2-20 KM. BFlOMacca KpFlJIjI O~JIa ycpe,l{HeHa no 

KFlJIOMeTpOBOMY KBa,l{paTY. 

CeMFlBapFlorpaMMa C JIOrapmpMFI"4eCKOH illKaJIOH (log10) OFlOMaCCbI 

KpFlJIjI (r IMZ) C 30HOH ,l{OBepFlTeJIbHOrO FlHTepBaJIa (95%) ,l{JIjI 
,l{aHHbIX no npOJIFlBY BpaHCiflFlJI,l{a (4-5 jIHBapjI 1987 r.). 

Pacnpe,l{eJIeHFle "4aCTOTbI C JIorapFliflMFI"4eCKOH illKaJIOH (log10) 
ou;eHOK oFloMaccbI (r IMZ) ,l{JIjI ,l{aHHbIX no npOJIFlBY BpaHCiflFlJI,l{a 
(4-5jIHBapjI 1987 r.>. 

Pacnpe,l{eJIeHFle "4aCTOTbI (a). ceMFlBapFlorpaMMa (b). FI 
cneKTpaJIbHajI MOII.J;HOCTb "4aCTOTHoro pacnpe,l{eJIeHFljI (c) 
CMO,l{eJIFlpOBaHHblx ,l{aHHbIX npFl FlCnOJIb30BaHFIFI MO,l{eJIFI MaHreJIa 
"njITHa B npe,l{eJIax njITeH" (1987 r.). 

Leyenda de la Figura 

Curvas espectrales promedio para el krill, fluorescencia in vivo y 
temperatura. (Weber et al., 1986). 

Frase-cruzada promedio y espectro de coherencia cuadrada para el 
krill-fluorescencia, fluorescencia-temperatura, y krill-temperatura. 
Las barras verticales indican los limites de confianza del 95% de las 

estimaciones promedio de la coherenica cuadrada (y ± (2.2) (S.D.~12)). 
Para mayor claridad, los limites de confianza para el fluor-temperatura y 
krill-temperatura se indican solamente en las frecuencias computadas 
aiternas. (Weber et eL, 1986). 

Localizaci6n de los transectos utilizados en los analisis de los datos 
preliminares. 4-5 enero de 1987. 

Densidad espectral normalizada de Weber et al. (1986) para fluorescencia 
y krill, y espectro observado para los datos acusticos analizados del krill. 

Densidad espectral para el krill en la escala de 2-20 km observada en este 
analisis y por Weber et al. La biomasa del krill fue calculada por termino 
medio sobre 1 km. 

Semivariograma del log10 de la biomasa del krill (g/m2) con zonas de 
intervalos de confianza del 95% para los datos del estrecho de Bransfield 
(4-5 de enero de 1987). 

Distribuci6n de la frecuencia del IOg10 de estimaciones de la biomasa 
(g/m2) para los datos del estrecho de Bransfield (4-5 de enero de 1987). 



Figura 8 Distribuci6n de la frecuencia (a), semivariogram (b), y densidad espectral 
(c) de los datos simulados usando el modelo de Mangel "mancha dentro de 
mancha" (1987). 
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SC-CAMLR-VII/BG/22 

STATISTICAL PROBLEMS IN KRILL STOCK HYDROACOUSTIC ASSESSMENTS 

M.C. Macaulay 

Abstract 

Two primary issues are at question for hydroacoustic assessments of 
krill. The first is the methods applied to establish biomass in a 
survey area and the second is the improvement in accuracy of 
target-strength measurements. In the case of statistical methods, 
there are no clear guidelines for deciding what method is most 
appropriate, this is made even more difficult by the fact that most 
survey methods assume the population is fixed in space, relative to 
the sampling interval. There remain several unsatisfied needs for 
improvements in sampling design and tests for systematic trends in 
survey data collected from non-stationary populations, which have 
not been well addressed by present techniques. However, this does 
not invalidate the use of available methods to conduct surveys and 
analyze results. In the case of target-strength accuracy, even if the 
present values were very accurate, the issue of interest would seem 
to be not the absolute amount of biomass present in an area, but 
rather how it is distributed. The issue of patchy years vs more even 
distribution would seem to have more impact on ecosystem 
management than absolute accuracy of biomass estimates. 

Resume 

Deux questions fondamentales se posent a I'egard des evaluations 
hydroacoustiques du krill. La premiere concerne celle des methodes 
utilisees pour etablir la biomasse d'une zone d'etude et la seconde est 
celle de I'amelioration de la precision des mesures de la reponse 
acoustique. Dans le cas des methodes statistiques, il n'existe aucune 
directive qui permettrait de choisir sans hesitation le procede le 
mieux adapte, et le probleme est d'autant plus difficile a resoudre que 
la plupart des methodes de recherche presument que la population est 
fixe sur le plan spatial, en rapport avec I'intervalle 
d'echantillonnage. 11 reste encore beaucoup a faire pour repondre aux 
besoins d'amelioration des types d'echantillonnage et des tests portant 
sur les tendances systematiques dans les donnees d'etude recueillies a 
partir de populations non-stationnaires, questions auxquelles les 
techniques actuelles ne sont pas suffisamment interessees. 
Cependant, ceci n'exclut pas I'utilisation des methodes disponibles de 
recherche et d'analyse des resultats. Pour ce qui est de la precision 
concernant la reponse acoustique, I'interet semble se trouver non pas 
dans la quantite absolue de biomasse presente dans une region, mais 
plutot dans la maniere dont elle est repartie, et cela meme si les 
valeurs actuelles etaient tres precises. La question des annees de 
repartition irreguliere contre repartition plus reguliere semblerait 
avoir un effet plus important sur la gestion de I'ecosysteme que la 
precision absolue des evaluations de la biomasse. 
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Pe3IOMe 

PaCCMaTpliBaIOTC.SI ,l{Ba OCHOBHhIX aCneKTa npOBe,l{eHH.SI O:QeHKH 

3anaCOB KPHJI.SI rH,l{pOaKYCTHlleCKHMH MeTO,l{aMH: nepBhIM -
MeTO,l{hI, npHMeH.SIeMhle ,l{JI.SI O:QeHKH GHOMaCChI B paMOHe 
CbeMKH, H BTOPOM - nOBhIWeHHe TO"4HOCTH npH H3MepeHHH 
CHJIhI :QeJIH. B cJIY"4ae CTaTHCTH"4eCKHX MeTO,l{OB He HMeeTC.SI 
"4eTKHX npaBHJI ,l{JI.SI BhIGopa HaHGOJIee nO,l{XO,l{.SIm;ero MeTO,l{a, H 
,l{eJIO OCJIO~H.SIeTC.SI em;e H TeM, "4TO npH npHMeHeHHH 
GOJIbWHHCTBa MeTO,l{OB CbeMKH nonYJI.SI:QH.SI npHHHMaeTC.SI 
HenO,l{BH~HOM B Te"4eHHe Bcero BpeMeHH B3.SITH.SI npoG. Bce em;e 

TpeGYIOT YCOBepweHCTBOBaHH.SI HeKOTophle acneKThI B3.SITH.SI 
npoG H BhI.SIBJIeHH.SI CHCTeMaTH"4eCKHX OTKJIOHeHHM OT ,l{aHHhIX, 

nOJIY"4eHHhIX no HeCTa:QHOHapHhIM nonYJI.H:QH.HM, "4ero 
COBpeMeHHhIMH cnocoGaMH Ha ,l{OCTaTO"4HO xopoweM ypOBHe 
C,l{eJIaTb HeJIh3.H. Ho 3TO HHKaK He oGeC:QeHHBaeT npHMeHeHH.SI 
HMeIOm;HXC.SI MeTO,l{OB npH npOBe,l{eHHH CbeMOK H 

aHaJIH3HpOBaHHH pe3YJIbTaTOB. B Bonpoce 0 TO"4HOCTH 
BeJIH"4HHhI CHJIhI :QeJIH, ,l{a)l(e eCJIH HMeIOm;HeC.H 3Ha"4eHH.SI GhIJIH 
O"4eHb TO"4HhI, HHTepec, KaK Ka~eTC.H, npe,l{CTaBJI.SIJIa GhI He 
aGcOJIIOTHa.SI BeJIH"4HHa HMeIOm;eMC.SI B KaKOM-JIHGo paMOHe 
GHOMaCChI, a CKopee TO, KaK OHa pacnpe,l{eJIeHa. 
TIpe,l{CTaBJI.SIeTC.SI, "4TO pe3YJIbTaThI cpaBHeHH.SI ,l{aHHhIX 3a rO,l{hI 
C O"4eHb HepaBHOMepHhIM pacnpe,l{eJIeHHeM C KapTHHOM GOJIee 
paBHOMepHoro pacnpe,l{eJIeHH.SI Mor JIH GhI B Bonpoce 

ynpaBJIeHH.H 3KOCHCTeMOM npe,l{CTaBHTb GOJIbWYIO :QeHHOCTb, 
"4eM aGcOJIIOTHO TO"4Hhle O:QeHKH BeJIH"4HHhI GHOMaCChI. 

Resumen 

Se cuestionan dos problemas fundamentales de las evaluaciones 
hidroacusticas del krill. El primero son los metodos que se aplican 
para establecer la biomasa de una zona de prospeccion, y el segundo es 
el perfeccionamiento de la precision de medicion de la fuerza de 
blanco. En 10 que se refiere a los metodos estadfsticos, no existen 
pautas claras para decidir que metodo es el mas apropiado, 10 cual es 
otro problem a, ya que la mayorfa de metodos de prospeccion suponen 
que la poblacion se encuentra fija en el espacio con relacion al 
intervalo del muestreo. Quedan todavfa varios requisitos no 
satisfechos en cuanto a mejoras en el disefio de muestreo y en los 
analisis de tendencias sistematicas de datos de prospeccion 
recolectados sobre poblaciones no estacionarias, todo 10 cual no ha 
sido tratado satisfactoriamente por las tecnicas actuales. Sin 
embargo, esto no invalida el uso de los metodos existentes en la 
realizacion de prospecciones y analisis de resultados. En el caso de la 
precision de la fuerza de blanco, aun cuando los valores actuales 
fueran muy precisos, el punto de interes no serfa la biomasa absoluta 
presente en una zona, sino mas bien su distribucion. El tema de los 
afios de distribucion mas regular, parece tener mas incidencia en la 
administracion del ecosistema que la precision absoluta de las 
estimaciones de biomasa. 



1 . INTRODUCTION 

Distribution and abundance estimates for midwater zooplankton and nekton are often 
obtained using quantitative hydroacoustic methods. The usual method employed is echo 
integration, producing estimates of abundance by depth and distance along a survey track. 
These relative estimates of abundance are then converted to absolute estimates of abundance 
using the target strength of the identified target organisms. Target strength is a measure of 
how much sound an organism reflects, expressed in terms of the amount of sound reflected 
per individual or per unit weight of organism. All other electronic and acoustic variables 
are taken into account in the relative estimate of abundance so that if the target strength 
employed is later refined or revised, these acoustic estimates may be corrected by adjusting 
the estimate by the ratio of the old and new target strengths. 

Surveys are conducted along pre-determined tracklines of parallel or zigzag pattern 
which cover the area of interest in a systematic manner. For repeated surveys, the pattern 
of transects may be refined to better fit the expected distribution of populations, but in all 
cases, the limiting factor is shiptime to conduct the survey. This constraint usually imposes 
some compromises on the nature and spacing of the trackline pattern and this may be in 
conflict with optimum distribution of effort for statistical sampling methods. 

Zooplankton and nekton populations are seldom, if ever, random in their distribution 
with respect to the sampling effort. Thus the use of the random sample mean and random 
sample variance will often provide a biased estimate of the mean and variance of the 
population. Because of the high sampling frequency of a hydroacoustic survey (one sample 
per second), there sometimes is a lack of independence between samples due to overlapping 
of sampling volume and consequently an expectation of serial correlation or some degree of 
covariance contributing to the bias. Williamson (1982) addresses the process of accounting 
for this serial correlation by treating individual clusters of observations (usually an entire 
transect) as independent and the variance is therefore a function of the number of clusters 
and the total number of observations. Other authors have used the ratio estimation methods 
of Cochran (1977) to partition the variance by transect but this method assumes there is no 
serial correlation or other covariance. 

At present, there are no clear guidelines for deciding what method is most 
appropriate, this is made even more difficult by the fact that most survey methods assume 
the population is fixed in space, relative to the sampling interval. In fact, this is seldom the 
case in an aquatic environment. True planktonic organisms may be carried through the 
sampled area, either in a systematic way due to abiotic factors (e.g. currents and eddies) or 
biotic ones due to migratory behaviour. Micronekton and nekton (especially large 
zooplankton and fish) may swim fast enough in a single day to traverse from one transect to 
another and hence be sampled multiple times. Given the fact that large surveys often take 
two weeks or more, this migratory behaviour needs to be considered. 

In some senses, the collective actions of individuals of a species may produce a 
combined distribution for a population or subpopulation which makes the aggregation behave 
as one large patch with variable discontinuities within some definable boundary. These large 
aggregations may require separate treatment, i.e. separate stratification of sampling, to 
minimize the variance estimate. Large aggregations of this kind have been observed in the 
Antarctic (Macaulay, 1984) for krill (Euphausia superba) and may be true for segments of 
fish populations as well. A krill aggregation observed in 1981 covered an area 3 km by 
5-6 km and extended from the surface to 250 m (Figure 1 a). 
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2. GENERAL STATUS AND NEEDS 

The first issue is that of large statistical variances. Hydroacoustic surveys are often 
characterized by large to very large confidence intervals. These large variances result from 
the highly discontinuous distribution of many marine stocks (the patchiness problem) often 
caused by the contagious distribution of the negative binomial or Poisson type models where 
mean and variance are proportional or equal. Some degree of post-survey stratification can 
be used to minimise this effect but more objective methods for such stratification would help 
to make the confidence in the results of such stratification greater. The tendency to consider 
many zooplankton as weak swimmers needs to be more carefully analyzed and verified. The 
problem of a mobile population moving within the survey area still remains and may not be 
addressable or even known without special surveys designed to examine an area multiple 
times from different starting points and possibly even different sampling strategies. 
However, awareness of the problem can at least prompt consideration of prevailing currents 
(abiotic factors) or known migratory behaviour (biotic factors) in the development of a 
sampling plan. There remain several unsatisfied needs for improvements in sampling design 
and tests for systematic trends in survey data collected from non-stationary populations, 
which have not been well addressed by present techniques. However, this does not invalidate 
the use of available methods to conduct surveys and analyze results. 

The second issue is the improvement of estimates of target-strength for krill. Given 
that present values are probably within a factor of 2 of being correct, it seems reasonable to 
consider the following. Even if the present values were very accurate, the issue of interest 
would seem to be not the absolute amount of biomass present in an area, but rather how it is 
distributed. Consider as a test case that we have two surveys in two consecutive years giving 
identical biomass for a surveyed area, in one, the biomass is nearly uniform with only a few 
small patches and in the other, the biomass is concentrated in some areas and low to absent in 
others. If a predator (e.g. a penguin) must obtain not only its own daily ration but also 
sufficient extra to return to feed its offspring, the time spent searching becomes critical. If 
such an individual encounters a patch (a patch dominated year) it can quickly obtain 
sufficient food for its needs. If, however, it must spend a great deal of time picking up 
isolated individuals, it may have to spend too much time just satisfying its own requirements 
to have sufficient for its offspring too. Figure 1 shows an example of this with abundant 
patches near Seal Island in 1981 and much lower abundance of patches in 1984. The shaded 
area is approximately 20 n miles from Seal Island (the estimated foraging range of a 
penguin, personal communication John Bengtson). The point is that if we can begin to isolate 
the causes of patchiness and/or areas more typically possessing patches of krill, the 
implications for ecosystem management of the resource will be more important than just 
improving our accuracy. 

3. CONCLUSIONS 

Improvement of the accuracy of target-strength estimates and measurements can and 
will continue to increase the accuracy of our biomass estimates by the consequences of not 
surveying and especially not maintaining a temporarily coherent data set will be a longer 
delay in our understanding of the ecosystem. I WOUld, therefore, recommend that surveys be 
conducted by those currently involved in such efforts and where possible, other interested 
parties contribute to this effort. Further delays in obtaining the needed data due to 
deficiencies in current methods would be counterproductive to the goals of CCAMLR. The 
time-series information cannot be obtained by any other means and, so long as data are 
collected and archived in detail, it may be possible to correct for inadequacies in methods at a 
later date including correcting for errors in target-strength. 
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Distribution of krill in the vicinity of Elephant Island in March 1981 (a) and 
March 1984 (b). The shaded area is approximately 20 n miles from Seal 
Island, a known penguin rookery. The large swarm observed in 1981 
contained over 1 million tonnes of krill. The contour intervals are in kg/m2. 
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Figure 1 

PHCYHOK 1 

Figura 1 

Legende de la figure 

Distribution du krill aux abords de I'ile de l'Elephant en mars 1981 (a) et 
mars 1984 (b). La zone hachuree est situee a environ 20 milles n de I'ile 
des Phoques, une colonie de manchots reconnue. L'essaim etendu observe en 
1981 contenait plus d'un million de tonnes de krill. L'equidistance des 
courbes est en kg/m2. 

TIo,anHCH K pHcYHKaM 

Pacnpe,aeJIeHHe KPHJI.H B paMoHe o. 3JIe$aHT B MapTe 1981 r. (a) H 
MapTe 1984 r. (b). 3aTymeBaHHbIM YlIaCTOK Ha KapTe Haxo,aHTC.H 
npHMepHO Ha paCTO.HHHH 20 MOPCKHX MHJIb OT o. CHJI, H3BecTHoM 
3aJIe)l(KH nHHrBHHOB. BOJIbmOe CKOnJIeHHe, HaOJIIO,aaBmeeC.H B 1981 
r., HaClIHTbIBaJIO CBblme 1 MHJIJIHOHa TOHH KPHJI.H. PaCTO.HHHe 
Me)l(,ay KOHTypaMH Bblpa)l(eHO B Kr IMZ. 

Leyenda de la Figura 

Distribuci6n del krill en los alrededores de la isla Elefante en marzo 1981 
(a) y marzo 1984 (b). Las zonas oscuras estan aproximadamente a 
20 millas nauticas de la isla Seal, una conocida colonia de pingOinos. El 
extenso cardumen observado en 1981 contenia mas de 1 mill6n de toneladas 
de krill. Los intervalos contorneados de densidad de krill se expresan en 
kg/m2. 
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SC-CAM LR-VII/BG/25 

ACOUSTIC DATA ANALYSIS AND MODELS OF KRILL SPATIAL DISTRIBUTION 

A. Morin, A. Okubo and K. Kawasaki 

Abstract 

Acoustic data obtained on 4-5 January 1987 aboard the RN 
ProfesSor Siedlecki were used in three descriptors of krill spatial 
aggregation: power spectra for krill biomass fluctuations in space, 
semivariogram (spatial autocorrelation of krill biomass) and the 
frequency distribution of krill biomass estimate. The wavenumber 
spectrum resembles a white noise at scales of 2-20 km, although at 
scales smaller than 1 .km the spectrum appears to lose its power 
significantly. The semivariance of biomass does not vary 
significantly over most distances between points except for the 
distances smaller than 1 km. The computed frequency distribution of 
krill biomass is bimodal and appears to be the mixture of two 
log normal distributions. These two distributions may correspond to 
the between and within patch biomass. These results of data analysis 
suggest that krill patch size or rather a basic swarm size should be 
smaller than 200 m, finest resolution of our data analyzed, and the 
real spatial distribution of krill should be the manifestation of the 
balance between the dispersion of the basic swarm units and 
long-range density-dependent attraction of the units. Simple 
dynamical and kinematical models can interpret the observed result. 

Resume 

Les donnees acoustiques recueillies les 4 et 5 janvier 1987 a bord du 
navire de recherche Professor Siedlecki ont ete utilisees dans trois 
descripteurs de repartition spatiale du krill: spectre d'intensite pour 
les fluctuations de la biomasse du krill dans I'espace, 
semivariogramme (autocorrelation spatiale de la biomasse du krill) 
et distribution de frequences de la biomasse estimee de krill. Le 
spectre a ondes ressemble a un son blanc aux echelles de 2 a 20 km, 
mais aux echelles inferieures a 1 km, le spectre semble diminuer 
considerablement en intensite. La semivariance de la biomasse ne 
varie pas de maniere significative pour la plupart des distances entre 
les points, sauf pour les distances inferieures a 1 km. La 
distribution calculee des frequences de la biomasse du krill est 
bimodale et semble consister en un melange de deux distributions 
logarithmiques normales. Ces deux distributions pourraient 
correspondre a la biomasse a I'interieur d'un regroupement, d'une 
part, et entre les regroupements, d'autre part. Ces resultats de 
I'analyse des donnees suggerent que la taille d'un regroupement de 
krill, ou plut6t la taille de base d'un banc, devrait et re inferieure a 
200 m, resolution la plus precise de nos donnees analysees, et que la 
repartition spatiale reelle du krill devrait etre la manifestation de 
I'equilibre entre la dispersion des unites de base des bancs et 
I'attraction des unites a longue portee et dependant de la den site. Des 
modeles dynamiques et cinematiques simples peuvent interpreter le 
resultat observe. 
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Pe3IOMe 

AKYCTHqeCKHe .l{aHHble, nOJIyqeHHble RN Professor Siedlecki 
4-5.HHBap.H 1987 r., HCnOJIb30BaHbI B Tpex THnax onHCaHH$l 

npocTpaHcTBeHHoM arpera~HH KPHJI$l: cneKTpaJIbHOM 

CPYHK~HH npocTpaHcTBeHHblx cpJIYKTya~HH oHoMaccbI 
Kp HJI$l , rpacpHKe nOJIYMHoroOOpa3H.H (npOcTpaHcTBeHHoM 

aBTOKOppeJI$l~HH oHoMaccbI KPHJI$l) H qaCTOTHOM 

pacnpe.l{eJIeHHH O~eHOqHbIX BeJIHqHH oHoMaccbI KPHJI$l. B 

.l{Hana30He 2-20 KM cneKTp BOJIHOBbIX q,flceJI HanOMHHaeT 

OeJIbIM llIYM, XOT$l B .l{Hana30He MeHbllIe 1 KM B cneKTpe 

HaOJIIO.l{aeTC$l 3HaqHTeJIbHa$l nOTep.H 3HeprHH. 

TIOJIYMHorooopa3He MatcbI CYIIJ;eCTBeHHO He MeH$leTC$l npH 
nOqTH JIIOObIX paCCTO$lHH$lX Me)l(.l{Y TOqKaMH, 3a 

HCKJIIOqeHHeM paCCTO$lHHM MeHbllIe 1 KM. BblqHCJIeHHOe 
qaCTOTHoe pacnpe.l{eJIeHHe OHOMaCCbI KPHJI$l OKa3bIBaeTC$l 

OHMO.l{aJIbHbIM H, BH.l{HMO, $lBJI$leTC$l CMeCbIO .l{BYX THnOB 

JIOrHOpMaJIbHOrO pacnpe.l{eJIeHH$l. 3TH .l{Ba THna 

pacnpe.l{eJIeHH$l MorYT COOTBeTCTBOBaTb OHOMacce Me)l(.l{Y 

n$lTHaMH H OHOMacce BHYTPH n$lTHa. TIOJIyqeHHble 

pe3YJIbTaTbI aHaJIH3a .l{aHHbIX 3aCTaBJI$lIOT npe.l{nOJIO)l(HTb, 

qTO pa3Mep n$lTHa KPHJI$l, HJIH BepHee pa3Mep THnHqHOrO 

CKOnJIeHH$l KPHJI$l .l{OJI)I(eH ObITb MeHbllIe 200 M, - qTO 

$lBJI.HeTC$l npe.l{eJIOM pa3pellIaIOIIJ;eM cnocooHoCTH npH 

nOJIyqeHHH nO.l{BeprHYTblx HaMH aHaJIH3Y .l{aHHbIX, H qTO 

peaJIbHOe npocTpaHcTBeHHoe pacnpe.l{eJIeHHe KPHJI$l 
.l{OJI)I(HO oTpa3HTb HMeIOIIJ;HMC$l OaJIaHC Me)l(.l{y .l{HCnepCHeM 

THnHqHbIX CKOnJIeHHM H B3aHMHbIM npHBJIeqeHHeM 
OT .l{eJIbHbIX 3JIeMeHTOB CKOnJIeHH$l C OOJIbllIOrO paCCTO$lHH$l, 

- B 3aBHCHMOCTH OT nJIOTHOCTH CKOnJIeHH$l. TIOJIyqeHHble 

pe3YJIbTaTbI MO)l(HO HHTepnpeTHpoBaTb C nOMO:W;bIO 
npocTbIX .l{HHaMHqeCKHX H KHHeMaTHqeCKHX MO.l{eJIeM. 

Resumen 

Se utilizaron los datos acusticos, obtenidos el 4-5 de enero de 1987 a 
bordo del 8/1 Professor Siedlecki, en tres descriptores de 
concentraci6n espacial del krill: densidad espectral de las 
fluctuaciones espaciales de la biomasa del krill, semivariograma 
(autocorrelaci6n espacial de la biomasa del krill) , y distribuci6n de 
frecuencias en la estimaci6n de la biomasa del krill. A escalas de 
2-20 km, el espectro del numero de ondas se parece a un ruido 
blanco, aunque a escalas menores de 1 km el espectro parece perder 
su potencia de modo significativo. El semivariograma de la biomasa 
no parece variar considerablemente en la mayorfa de distancias entre 
puntos, excepto en las distancias menores de 1 km. La distribuci6n de 
frecuencias calculada de la biomasa del krill es bimodal, y parece ser 
la combinaci6n de dos distribuciones logarftmicas normales. Estas 
dos distribuciones pueden corresponder a la biomasa existente dentro 
de una mancha y entre varias. Estos resultados, obtenidos del analisis 
de datos, hacen pensar que el tamafio de las manchas de krill, 0 mejor 
dicho, el tamafio de un cardumen de krill deberfa ser menor de 
200 m, la resoluci6n mas precisa del anal is is de nuestros datos, y la 
distribuci6n espacial real del krill deberfa ser la manifestaci6n del 



equilibrio entre la dispersion de las unidades de cardumen basicas y 
la atraccion a largo alcance dependiente de la densidad de dichas 
unidades. Modelos dinamicos y kinematicos sencillos pueden 
interpretar este resultado observado. 

313 



1 . INTRODUCTION 

The Antarctic krill (Euphausia superba) constituting nearly half of the Antarctic 
zooplankton biomass (Brinton and Antezana 1984), is the dominant herbivores and plays an 
important role in supporting animal populations such as whales, seals and penguins as well 
as fish. Krill distribution is highly variable in space and time (Marr 1962), and krill 
often aggregates into dense swarms, ranging from square meters to vast super swarms, but 
spherical or laminar swarms of volume 1-10 m3 may be quite common (Mauchline 1980). 

Recently Weber et a\. (1986) have used the techniques of spectral analysis to 
examine the spatial scale dependence of variability in temperature, phytoplankton 
(chlorophyll-a) and krill biomass in the Antarctic Ocean south of Africa. They found that 
the power spectra for temperature and chlorophyll fluctuations differed markedly from that 
of krill biomass. In other words, the spectra of temperature and chlorophyll appeared very 
similar, and the mean slopes of the temperature and chlorophyll spectra, when plotted on a 
log-log plot, were -1.66 and -2.04, respectively, whereas the krill spectra were much 
flatter with near-zero slopes, indicating an approximately equal variance at all scales 
(white noise). 

The result of Weber et al. (1986) implies that mechanisms controlling temperature 
and chlorophyll spatial distributions are different from those for krill distributions. The 
spectral slope of -1.66 is quite consistent with the -5/3 power predicted by Kolmogorov 
(1941) for the inertial subrange of turbulence, and also the slope of -2 for chlorophyll 
may be interpreted by the turbulence model with a slight modification by biological 
activities (Fasham, 1978). For krill, a purely physical model would be inappropriate in 
explaining their high variability at small scales. Although krill distribution is influenced 
by large scale physical processes, other biological factors, presumably behaviour, must be 
responsible for the high heterogeneity at small scales. Thus a krill distribution model would 
have to include additional mechanisms acting predominantly at small scales. 

The first step of our approach is to examine the krill biomass distribution in the 
vicinity of King George Island through spectral analysis, and compare the resulting power 
spectrum with the description of Weber et al (1986) to see if the same type of spectrum can 
describe the krill distribution patterns in different areas. Acoustic data provided by 
M.C. Macaulay were used in our spectral analysis. The same data were also used to compute 
the semivariogram (Mackas 1984) for further investigation of the spatial variability in 
krill biomass. The third description is the frequency distribution of biomass estimate, 
another measure of patchiness in the krill distribution. 

2. METHODS 

Acoustic data (so-called "Macaulay data") obtained on 4-5 January 1987 aboard the 
RN Professor Siedlecki were used in the following analysis (Figure 1). The data tapes 
contained continuous reading of estimated average krill biomass (g/m3; 200 k kHz 
estimates) at each meter of depth ranging from 3 to 185 m at a horizontal resolution of 
approximately 200 m for 8 transects. Vertical profiles were summed to obtain an areal 
estimate of krill biomass (g/m2). The resulting traces were then subdivided into 16 series 
of 64 data points for spectral analysis. The power at each frequency for the 16 transects 
was then summed and normalized to the total power of the signal to obtain a normalized 
power spectrum. To facilitate comparison with the power spectrum of Weber et al (1986), 
the data were also analyzed by first averaging areal biomass into 1 km bins and subdividing 
the resulting series into traces of 20 data points. The power estimates were then treated in 
the same way as above to obtain an average power spectra spanning the same scales as Weber 
et al (Figures 2 and 3). 
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A second description of spatial distribution, the semivariogram (Mackas 1984) was 
also computed from the same data (Figure 4). The semivariogram represents the spatial 
autocorrelation of krill biomass and measures the extent to which the similarity of spatial 
locations (or samples from those locations) is dependent on their separation. 

A third, simpler descriptor, the frequency distribution of biomass estimate was 
finally computed for the same data set (Figure 5). 

3. RESULTS 

The resulting spectra shown in Figures 2 and 3 are roughly similar to the spectra of 
Weber et al. (1986) for krill, but much less steeper than the commonly observed spectra 
for chlorophyll, temperature or salinity (Steele and Henderson 1977; Lekan and Wilson 
1978; Oenman 1976). There is a relatively high variability of krill biomass at small 
scales less than 10 km that cannot be explained by the physical process only. However, the 
power spectra for krill biomass in the region under study is slightly steeper than that of 
Weber et al. (1986) in the Weddell Sea. This suggest that either a relatively more 
important contribution of physical processes or a relatively less important contribution of 
biological (behavioural) processes to the spatial distribution of krill in the Bransfield 
Strait-Elephant Island area in the Weddell Sea. Also our data show that at scales smaller 
than 1 km, the krill spectrum appears to lose its power significantly, indicating the 
predominance of physical processes or dispersing behaviour of krill. 

The spatial autocorrelation of krill biomass (Figure 4) indicates that the variability 
in krill biomass between pairs of data points is only a weak function of the separation 
between those points. The semivariance of log biomass does not vary significantly over most 
distances between points except for the smallest distances. This suggests that patch size or 
rather a basic swarm size is smaller than 200 m, which is the finest resolution of those 
data. 

The computed frequency of krill biomass estimate (Figure 5) is bimodal and appears 
to be the mixture of two log normal distributions. About two thirds of the observations 67%) 
can be attributed to the first lognormal distribution (mean log (biomass)) = 0.18, 
SO=0.49) and one third (33%) to a second log normal distribution (mean=1.76, SO=0.51). 
These two distributions may correspond to the between and within patch biomass (mean 
biomass between patches = 2.8 g/m2, apparent mean biomass within patches = 115 g/m2). 
Note that the biomass within swarms may be substantially higher since it appears that most 
swarms have a diameter smaller than 200 m and that the observed biomass is an average for 
a 200 m trace. 

4. DISCUSSION 

According to Mauchline (1980), krill form a patch, i.e. huge aggregation within a 
defined environmental region, of densities 1 - 101m3 • Environmental parameters play a 
more important role than behavioural reactions between individuals in maintaining the 
aggregation. Within a patch are found shoals, consisting of large groups of individuals. 
Shoals may be as large as 100 km2 but are normally much smaller, probably in the range of 
0.1-10 km. Average densities of krill in a shoal is 1-100/m3 • The behavioural 
mechanisms of the animals, rather than the physical environmental parameters, are 
probably more important in initiating and maintaining shoals. Cohesiveness of individuals is 
evident in shoals, whereas it is not generally evident in the overall structure of patches. 
Swarms and schools are often constituent parts of shoals. Cohesiveness reaches its greatest 
development in swarms and schools. They are small in spatial extent, their area being 
measured in square meters. Average areal sizes of 103-104 m2 can occur, but spherical or 
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laminar sizes of 1-10 m3 may be quite common. Mean densities of individuals in swarms 
and schools are 103-1 05/m3. Swarms are cohesive groups of individuals without parallel 
orientation, while schools are cohesive groups of individuals with parallel orientation. In a 
swarm the centre of mass is more or less stationary relative to the ambient water, while in 
a school the centre of mass is mobile relative to the water. 

Very little has been done on mathematical modelling the dynamics of behaviour of 
swarms and distribution of krill in space and time. Our data analysis suggests that most 
swarms (and schools) have a diameter smaller than 200 m, i.e. less than the finest 
resolution of those data. The result of the semivariogram (Figure 4) supports this concept. 
We make an attempt to model the krill biomass spectrum on the basis of the dynamical 
theory of krill aggregation. The basic unit of krill aggregation or shoals is assumed to be a 
great number of small swarms (or schools) of individual krill. They diffuse as a unit and 
also attract each other according to Kawasaki's (1978) model for a longrange 
density-dependent attraction. Krill population dynamics is also incorporated in a simple 
way. As a result, our basic dynamical equation for the krill concentration fluctuations is 
given by 

as' a2s' a 
- = 0 - - AS" - {Joo 

n. (x-x')S'(x' t)dx'} -ex s' + l' at ax2 ax _00 ~ , 
( 1 ) 

where s' (x,t): krill biomass fluctuations in space (x) and time (t), 0: diffusivity for the 

swarm unite, AS": "aggregation speed" for unit swarms, ex: intrinsic growth rate at stable 

equilibrium level S, or alternatively could be interpreted as a predation rate, 1': random 
local biomass input, and $(x) represents a weighting function for a long range mutual 
attraction of swarms. 

The wavenumber spectrum of krill biomass fluctuations E(k) can be derived from 
(1) under the assumption that the random input function is white noise of intensity Band 
the weighting function $(x) is exponential with spatial attenuation parameter c. It results 

( 2 ) 

The nondimensionalized spectrum E*(k) is evaluated as a function of wavenumber k, using 
the following parameter values: 

o = 1 03 cm2/sec (appropriate for the basic swarm unit of the order of 10 m in 
size after Okubo's (1971) diffusion diagram). 

ex 10-7/sec (growth or predation time scale of 100 days) 

c 10-3/cm (mutual attraction distance of the order of the swarm unit) 

AS" 1 cm/sec (aggregation speed = one tenth of krill unit swimming speed). 

Figure 6 shows the theoretical spectrum of krill biomass with mutual attraction 
(solid line), which results in a nearly uniform variance-density in the spatial scale ranging 
from 1 km to 20 km and relatively sharp decline in the variance below 100 m in scale, 
approaching the k-2 regime at very small scales. In the absence of the mutual attraction of 
swarms, on the other hand, the spectrum (broken line) decays rapidly in the spatial scale 
below 10 km and approaches the k-2 regime below 1 km. The behaviour of the theoretical 
spectrum agrees fairly well with that of our observation (Figure 2). 
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As previously discussed in this section, Mauchline's (1980) "patch within patch", 
or rather "swarms within schools", concept seems very adequate for interpreting the 
bimodality of the frequency distribution of biomass (Figure 5) and the behaviour of the 
semivariograms (Figure 4). To demonstrate this more precisely we have reconstructed the 
patch within patch model of Mangel (1987) with minor modification to account for the low 
"background" biomass of krill. Transect data similar to those analyzed previously were 
then extracted from the simulated krill spatial distribution, and the corresponding 
descriptors were calculated for 100 sets of 16 transects of 64 points. The results are 
presented in Figures 7 and 8. Not surprisingly, the resulting frequency distribution of 
biomass looks similar to the one obtained from the real data. The semivariogram (Figure 8) 
is also similar to the one from the data. The power spectrum of simulated data (Figure 9) 
also approximates the one obtained from the real data, although it does not mimic the 
apparent curvature of Figure 3 as good as the dynamical model of aggregation. Overall the 
simple kinematic model of Mangel appears to produce the patterns observed with real krill 
biomass data, and in combination with the dynamical model of krill aggregation we may be 
able to provide a better understanding of krill spatial distribution. 

Obviously a larger set of real data need to be analyzed for testing whether or not 
power spectra, semivariograms, and biomass frequency distributions vary in a systematic 
fashion among the various subareas of the general Bransfield Strait-Elephant Island area. At 
the same time descriptors have to be obtained for the other relevant parameters of the 
integrated ecosystem model, e.g. temperature, salinity, phytoplankton biomass, and krill 
predators. 

Another important descriptor for determination of krill population dynamics would 
be the frequency distribution of krill swarm size or aggregation size under given 
behavioural and environmental constraints. Okubo (1986) introduced the concept of the 
entropy of swarming, which is a measure of cohesiveness in animal aggregation. The most 
probably frequency distribution of animal swarm size is the one that maximized the entropy 
subject to given information or constraints. Thus, if the mean number of individual krill 
per swarm is specified, the most probably frequency distribution is geometric or 
exponential. Witek et al (1981) analyzed the data of krill swarms in the Antarctic 
Peninsula region to show that frequency of swarm size in the range of 10 to 500 m is well 
represented by an exponential distribution. A similar method should be employed in our data 
analyses. 
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Legendes des figures 

Emplacement de huit transects utilises dans I'analyse des donnees les 4 et 
5 janvier 1987. 

Spectres d'intensite normalises pour la chlorophylle (carres) et le krill 
(triangles) de Weber et al. (1986) et pour les donnees acoustiques sur le 
krill analyses dans ce rapport (Iigne). 

Spectres d'intensite pour le krill sur I'echelle 2-20 km observes dans 
cette analyse (Iigne) et par Weber et al. (carres). La moyenne de la 
biomasse du krill a ete prise sur 1 km. 

Semivariogramme du logarithme (estimations de la biomasse) (g/m2) avec 
une zone d'inteNalles de confiance de 95% pour les donnees recueillies 
dans le detroit de Bransfield (4 au 5 janvier 1987). 

Distribution des frequences du logarithme (estimations de la biomasse) 
(g/m2) pour les donnees recueillies dans le detroit de Bransfield. Deux 
distributions logarithmiques normales ont ete ajustees aux donnees. 

Spectres de puissance normalises pour la biomasse du krill bases sur la 
theorie dynamique des mceurs gregaires du krill. Ligne continue: avec 
attraction mutuelle et dispersion des unites des essaims de base. Tirete: 
sans attraction mutuelle. 

Distribution des frequences de la biomasse du krill basee sur le modele 
"regroupement a I'interieur d'un regroupement" de Mangel (1987). 

Semivariogramme du logarithme (biomasse du krill) base sur le modele 
"regroupement a I'interieur d'un regroupement" de Mangel. 

Spectre d'intensite des donnees de simulation utilisant le modele 
"regroupement a I'interieur d'un regroupement" de Mangel. 

TIO,l.{nHCH K pHcYHKaM 

PacnOAo~eHHe BOCbMH rH,l.{pOrpa~HqeCKHX pa3pe30B, 
HcnOAb30BaHHhlX npH aHaAH3e ,l.{aHHhIX 4-5 .HHBap.H, 1987 r. 

HopMaAH30BaHHa.H cneKTpaAbHa.H MO~HOCTb "4aCTOTHoro 
paCnpe,l.{eAeHH.H (no Beoepy H ,l.{p., 1986 r.) ,l.{A.H XAOpo~HAAa 
(KBa,l.{paTOB) H KpHA.H (TpeyroAbHHKOB) H ,l.{A.H npoaHaAH3HpoBaHHhlx 
B 3TOM OT"4eTe aKycTH"4eCKHX ,l.{aHHhIX no KpHAIO (AHHHH). 

HaOAIO,l.{aBUmeC.H B 3TOM aHaAH3e cneKTpaAbHhle MO~HOCTH 
"4aCTOTHoro paCnpe,l.{eAeHH.H ,l.{A.H KpHA.H no llIKaAe 2-20 KM.(AHHH.H) H 
cneKTpaAbHhle MOm;HOCTH, nOAY"4eHHhle nYTeM HaOAIO,l.{eHH.H 
BeoepoM H ,l.{p.(KBa,l.{paThI). BHoMacca KpHA.H ohIAa ycpe,l.{HeHa no 

KHAoMeTpoBoMY KBa,l.{paTY. 

CeMHBapHorpaMMa C AorapmpMH"4eCKO:H: llIKaAO:H: (OHOMacchI KPHA.H) 
(r 1M2) C 30HO:H: ,l.{OBepHTeAbHoro HHTepBaAa (95%) ,l.{A.H ,l.{aHHhIX no 

npoAHBY BpaHC~HA,l.{a (4-5 .HHBap.H 1987 r.). 
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Figura 1 

Figura 2 

Figura 3 

Figura 4 

Figura 5 

Figura 6 

Figura 7 

Figura 8 

Figura 9 

4aCTOTHoe pacnpe,l{eJIeHHe JIOrapHlpMa (oQeHoK oHOMacChI) (r IMZ) 

,l{JI.SI ,l{aHHhIX no npOJIHBY fipaHcIPHJI,l{a. ,llBa JIOrHOpMaJIbHhIX 
pacnpe,l{eJIeHH.SI npHJIO)l(eHhI K ,l{aHHhIM. 

HOpMaJIH30BaHHa.Sl cneKTpaJIbHa.Sl MOIIJ;HOCTb 1..JaCTOTHoro 
pacnpe,l{eJIeHH.SI ,l{JI.SI KPHJI.SI, OCHOBaHHa.Sl Ha ,l{HHaMH1..JeCKOH TeopHH 
arperaQHH KPHJI.SI. TIocTO.SlHHa.Sl JIHHH.SI: C B3aHMHhIM npHT.SI)I(eHHeM H 
paCCe.SlHHeM e,l{HHHQ CKOnJIeHH.SI. TIYHKTHpHa.Sl JIHHH.SI: oe3 
B3aHMHoro npHT.SI)I(eHH.SI. 

qacToTHoe pacnpe,l{eJIeHHe OHOMaCChI KPHJI.SI, OCHOBaHHoe Ha 
MO,l{eJIH MaHreJIa "n .SlTHa B npe,l{eJIax n.SlTeH" (1987 r.). 

CeMHBapHorpaMMa JIOrapHIPMa (OHOMaCchI KPHJI.SI) OCHOBaHHa.Sl Ha 
MO,l{eJIH MaHreJIa "n .SlTHa B npe,l{eJIax n.SlTeH". 

CneKTpaJIbHa.Sl MOIIJ;HOCTb 1..JaCTOTHoro pacnpe,l{eJIeHH.SI 
CMO,l{eJIHpOBaHHhIX ,l{aHHhIX npH HCnOJIb30BaHHH MO,l{eJIH MaHreJIa 
"n .SlTHa B npe,l{eJIax n.SlTeH". 

Leyendas de las figuras 

Ubicaci6n de los ocho transectos utilizados en los analisis de datos, 4-5 de 
enero de 1987. 

Densidad espectral normalizada para la clorofila (cuadrados), para el krill 
(triangulos) de Weber et al. (1986), y para los datos acusticos del krill 
que se analizan en este trabajo (linea). 

Densidad espectral del krill a la escala 2-20 km observado en este analisis 
(linea), y por Weber et al. (cuadrados). La biomasa del krill se promedi6 
a 10 largo de 1 km. 

Semivariograma de log (biomasa del krill) (g/m2) con una banda de 
intervalos de confianza del 95% para los datos del estrecho de Bransfield 
(4-5 de enero de 1987). 

Distribuci6n de frecuencias de log (estimaciones de la biomasa) (g/m2) , 
para los datos del estrecho de Bransfield. Las dos distribuciones 
logarrtmicas norm ales se adaptan a los datos. 

Densidades espectrales normalizadas de la biomasa del krill basados en la 
teoria dinamica de las concentraciones de krill. Linea solida: con atracci6n 
y dispersi6n mutua de las unidades basicas de cardumen. Linea quebrada: 
sin atracci6n mutua. 

Distribuci6n de frecuencias de la biomasa del krill basado en el modelo de 
Mangel (1987) de "manchas dentro de manchas". 

Semivariograma de log (biomasa del krill) basado en el modelo de Mangel de 
"manchas dentro de manchas". 

Densidad espectral de los datos simulados utilizando el modelo de Mangel de 
"manchas dentro de manchas". 
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Abstract 

A one dimensional Lagrangian model of random walk is presented to 
study the distribution of phytoplankton in the Antarctic ocean. Since 
little is known about mixed layer dynamics in the Antarctic Ocean, we 
estimate the depth of the mixed layer and its turbulence intensity 
from an Ekman layer model. Available CTD data suggest that the 
mixing in the upper layer is less than what we expected. However, 
the effect on the dynamics is vital, affecting the distribution of 
particles in the upper ocean. 

Resume 

Un modele uni-dimensionnel de trajet aleatoire de Lagrange est 
presente pour permettre I'etude de la distribution du phytoplancton 
dans I'ocean Antarctique. Vu que I'on possede une connaissance reduite 
de la dynamique des couches mixtes dans I'ocean Antarctique, la 
profondeur de la couche mixte et I'intensite de sa turbulence ont ete 
estimees d'apres un mode le de couche d'Ekman. Des donnees 
disponibles de conductivite, temperature, profondeur, suggerent que 
le melange dans la couche superieure est moindre que I'on ne s'y 
attendait. Cependant, la repercussion sur la dynamique est vitale, car 
elle modifie la distribution des particules dans la couche superieure 
de I'ocean. 

Pe3IOMe 

nng H3yqeHHg pacnpOCTpaHeHHg ~HTonnaHKToHa B Bo~ax 
AHTapKTHKH npe~CTaBJIeHa O~HOMepHag MO~eJIb JIarpeH~)I{a 
(Lagrange) CJIyqatlHoro 6ny)l{~aHHg. 1I0cKonbKY Mano H3BeCTHO 
o ~HHaMHKe CMeIIIaHHoro CJIOg B Bo~ax AHTapKTHKH, r JIy6HHa 
CMeIIIaHHoro cnog H HHTeHCHBHOCTb Typ6YJIeHTHOCTH B HeM 
6bIJIH Ol.l,eHeHbI C nOMOIqbIO MO~eJIH CJIOg 3KMaHa (Ekman layer 
mod e I). 1I0 HMeIOIqHMCg ~aHHbIM no npOBO~HMOCTH, 
TeMnepaType H rny6HHe (CTD) MO)l{HO npe~nOnO)KHTb, qTO 
CMeIIIeHHe B BepXHeM cnoe MeHbIIIe npe~nonaraeMoro. reM He 
MeHee, era B03~etIcTBHe Ha ~HHaMHKy BenHKO, B CBg3H C TeM, 
qTO OHO OKa3bIBaeT BnHgHHe Ha pacnpe~eJIeHHe qaCTHl.I, B 

BepXHHX CJIOgX OKeaHa. 

Resumen 

Se presenta un modelo unidimensional de Lagrange de trayecto 
aleatorio para estudiar la distribuci6n del fitoplancton en el Oceano 
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Antartico. Ya que se sabe poco sobre la dinamica de las capas mixtas 
del Oceano Antartico, estimamos la profundidad de la capa mixta y su 
intensidad de turbulencia a partir de un modelo de la capa Ekman. Los 
datos CTD disponibles, sugieren que la mezcla en la capa superior es 
menor de 10 esperado. Sin embargo, el efecto en la dinamica es vital, 
afectando a la distribuci6n de particulas en la parte superior del 
oceano. 



1· . INTRODUCTION 

There has been an increasing interest in the variability of biological marine 
resources, but little progress toward accurate predictions of productivity has been made. 
The major difficulty arises in variations among the density-dependent populations whose 
controlling factors are not only the prey-predator interaction and the physiological 
conditions but also the in situ physical environment. The problem, as it now stands, is 
highly complex with many degrees of freedom. 

The basic concept underlying our approach is to use a Lagrangian kinematic model to 
trace individual organisms in space and time. Historically, Eulerian models have been 
adapted to study the distribution of plankton. For example, Wroblewski (1982) models 
copepoda abundance during upwelling off the Oregon coast. The model results agree favorably 
with observations. Since the Eulerian models inherently deal with averaged spatial 
distributions, the results may differ considerably from the reality because 
physical-biological interactions are highly non-linear. Woods and Onken (1982) state that 
"averaging non-linear equations before integration does not give the same answer as 
averaging them after integration." An individual life history can only be. evaluated by a 
Lagrangian type model. They also note that " .. the power of the Lagrangian ensemble method 
lies in its potential for testing the consequences of different hypotheses concerning the 
physiology and behavior of plankton, in a systematic and internally consistent way". They 
are referring to phytoplankton but the same principal holds for zooplankton. Platt and 
Gallegos (1980) state that "we need more knowledge about how complex trajectories affect 
photosynthetic performance by phytoplankton; we need to incorporate these complex 
trajectories into our experimental designs; and we need to cooperate with physical 
oceanographer to study how the temporal responses to the phytoplankton are coupled to the 
temporal scales of mixing found in nature". Lagrangian models require an extensive 
computational effort compared to Eulerian models, but the models have advantages; namely 
the coding does not require a sophisticated algorithm; the model can be fairly flexible to 
variety of environmental conditions; and prey-predator interaction can be "directly" 
evaluated by the model. Recent advancements of computer technology make the operation 
time less significant. 

Although experiments suggest that krill are omnivorous, the animals extensively feed 
on phytoplankton. Boyd et al. (1984) estimate that they spend up to 30% of their total 
respiratory energy collecting food. Morris et al. (1984) suggest that the turnover rate of 
chlorophyll in a krill's stomach is of the order of minutes. These reports imply that krill 
are continuously grazing, and that females must continuously consume food to meet the 
minimum requirement for the production of eggs. To meet the minimum nutrient level they 
must find high concentrations of food. Another important process is the efficiency of the food 
capturing and handling. Ross and Quetin (1986) suggest that schOOling and swimming 
behavior of krill may be related to foraging. A strategy to minimize energy requirement for 
feeding would be expected. A correlation between krill swarms and phytoplankton abundance 
was discussed by Weber and EI-Sayed (1985). Hence, we think that studying the 
distribution of the food (phytoplankton) is the key to understanding the distribution of krill. 
The animals are excellent swimmers and velocities of 40 cm S-1 are possible. Therefore, 
small scale turbulence is irrelevant to their swimming ability, but the turbulence can 
significantly affect the distribution of their food source and their foraging. The goal of our 
study is to develop a Lagrangian prey-predator model for krill and phytoplankton. 
Phytoplankton grow in the upper ocean where enhanced mixing due to turbulence can be 
found. Unfortunately, however, very little is known about mixed layers in the Antarctic 
ocean. 

We deduce the dynamics of the mixed layer in the Antarctic ocean from existing STD 
data in the next section. Implementation of one-dimensional Lagrangian model is discussed in 
section 3. The last section summarizes our preliminary results. 
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2. THE MIXED LAYER IN THE ANTARCTIC 

2.1 STD Data 

STD data from a hydrographic survey made from RN Professor Seidlecki in January, 
1987 near the Antarctic Peninsula were used to investigate the level of turbulence in the 
mixed layer. A section along 57° W (Figure 1) shows the transition from Pacific water to 
Bransfield Strait water separated by a frontal zone at near the latitude 61.3 degrees south 
(Gordon, 1988). In general, the stratification in the Antarctic Ocean, south of the front, is 
very weak compared to that of the low latitude ocean. The depths of the mixed layer in the 
Pacific water, north of the front, ranges between 30 and 50 meters. A sharp pycnocline 
near 40 m in STD237 shows a high buoyancy frequency, N, as is often found at the base of 
mixed layers at mid-latitude. Stratification in the continental front and Bransfield strait 
water is weak, and mixed layers are not apparent. Since wind speeds were typically 10 to 
15 m S-1 (Chapman, personal communication), the buoyancy flux provided by melt water 
must be suppressing the surface mixing. The Weddell Sea is covered by the sea ice in 
January. 

2.2 Mixed Layer Depth 

The depth of mixing is controlled by the surface buoyancy production (cooling 
promotes convection) and by the surface wind stress, but quantitative relationships between 
the depth of mixing and surface forcing are still controversial. Since very little is known 
about surface forcing in the Antarctic ocean, we will use the Ekman depth 

hE = lCu./f ( 1 ) 

as the upper limit to the depth of mixing, where u. = (to/p)1/2, to is the surface wind stress, 
f the Coriolis parameter and p the density of water. Turbulence observations at 
mid-latitudes for wind speeds of 10 m S-1 show mixing to approximately 65% of the Ekman 
depth (Lueck, 1989). Because of the strong surface buoyancy flux provided by melt water, 
convective mixing is not expected during the southern summer. For current models, the 
Ekman depth is a sufficient indicator of the depth of mixing. 

2.3 Turbulence 

Under purely wind-stress forcing, the rate of dissipation of kinetic energy should 
follow 

( 2 ) 

(Gregg, 1987). Figure 2 shows the dissipation profile for UlO = 1, 5, 10 and 20 m sec-1 at 
61°S and the profiles are terminated at the depth of Ekman layer. The dissipation rate 
decreases inversely from 5x10-6 W kg-1 at 1 meter to 10-7 W kg-1 for UlO=10 m sec-1• The 
average dissipation rate <E> over the depth range gives 5x10-7 W kg-1. In order to exam the 
scale of turbulent mixing we introduce a universal spectrum for the isotropic turbulence. 
The energy spectrum E(k) is expressed as follows 

( 3 ) 

where a and ~ are canonical constants and k is the radian wave number. The spectrum shape 
has a sharp cut-off at both the energy containing eddy scale I and the Kolmogorov length scale 
'Tl=(V 3/E)1/4. For a scale smaller than 21t'Tl the flow is dominated by the viscosity and is 
laminar. The integration of E(k) gives the turbulence kinetic energy q2=3u2/2, 
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I E(k) dk 
) 0 

where u is the rms turbulent velocity scale. 

The dissipation rate spectrum D(k) can be expressed in terms of E(k) as follows 

D(k) = 2vk2E(k) 

The integration of D(k) gives the kinetic dissipation rate. 

(~ 

I D(k) dk 
)0 

( 4 ) 

( 5 ) 

( 6 ) 

The dissipation rate can be set from the Ekman layer model. The dissipation rate is also 
related to the energy containing eddy scale. 

c = Au3/-1 ( 7 ) 

where A is a constant of an order one. For the sake of simplicity we have used A= 1 . 
Therefore by knowing c, for our case <c> from the Ekman layer model, u can be evaluated 
with I. 

The energy containing eddy scale, I, is bounded by the depth of mixed layer and may be 
proportional the Ozmidov scale Lo=(cN-3)1/2 which is a scale of the largest eddy size in a 
stratified fluid. Stratification limits the vertical scale of turbulent fluctuations although not 
necessarily the vertical extent of the patches. Detailed measurements of the three turbulent 
velocity components (Gargett et al. 1984) from the Pisces submersible show the 
suppression of vertical velocities at scale larger than Lo. The turbulence velocity scale u 
may be estimated by assuming I ""Lo. 

( 8 ) 

where <c> is the previously defined average dissipation rate between 1 meter and hE. Figure 
3 shows the shape of turbulent energy spectrum (solid line) and the dissipation spectrum 
(dotted line) for N=0.001 rad S-1 and U10=1, 5, 10 and 20 m sec-1 at 61°S. Since N can be 
an order of magnitude larger than 0.001 Figure 4 is prepared for N=0.01 rad S-1 with the 
same condition. The turbulent eddy sizes vary between the energy containing eddy scale and 
the Kolmogorov dissipation scale. 

Another length scale may be used to describe the turbulence field is the Taylor 
microscale IT= us-1 , where S2 is a turbulent strain component 2c15-1v-1• ' The turbulent 
field may be considered as an equivalent vortex tube with the size of IT and the velocity scale 
u. Although the length scale is not a characteristic length of the strain-rate field and does 
not represent any group of eddy sizes in which dissipative effects are strong (Tennekes and 
Lumley, 1972, p 68), the scale has a direct implication to the Lagrangian auto-correlation 
function and thus makes useful to link the universal spectral theory and the diffusion 
processes. 

It is instructive to show an inter-comparison among four length scales. The 
Ekman depth hE is shown in Figure 5 (solid line) with the depth averaged dissipation rate, 
<c>. The Ozmidov scale Lo (dotted lines), the Taylor microscale IT (single- and 
double-chain-dot lines), and the Kolmogorov scale 11 (dashed line) are also depicted against 
<c>. We used three different buoyancy frequency N=0.001, 0.005, 0.01 rad S-1 for Lo. 
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Since the energy containing eddy size can be set by either hE or Lo, the Taylor microscales 
based on both scales are shown in the same figure. For the wind speed higher than 5 m S-1 
these scales hold the inequality hE>Lo>I't>TJ.. The Taylor microscale is insensitive to changes in 
<e>, in fact IT base on Lo is independent from <e>. The range of l't is approximately an order of 
magnitude around 10-1 m. Turbulence eddies within the inertia sub-range are unaffected by 
the size of the energy containing eddy and the viscous dissipation scale. The Ozmidov scale 
can be considerably different depending on the stratification but the size of largest eddy is 
limited by the depth of mixed layer hE' 

2.4 Diffusivity 

Particle tracking must be done in a Lagrangian fashion, thus the above discussion is 
not useful unless we relate the universal spectrum to the Lagrangian statistics. A particle 
displacement can be investigated with the Lagrangian auto-correlation function pd't). The 
empirical function is in a simple form, 

( 9 ) 

where f.., is the integral time scale. For this simple form of the auto-correlation function the 
integral scale is related with the Taylor microscale, namely f..,=ITU-1 provided the Lagrangian 
velocity scale is identical to the Eulerian velocity scale. A mean square value of a particle 
displacement, <X(t»2, can be expressed in terms of f..,. 

( 1 0 ) 

Note that the above expression is valid as an asymptotic result. The diffusion coefficient Ko 
can be defined as follows (Taylor, 1921), 

Ko = (1/2) d<X(t»2/dt = U2f.., = UIT. ( 1 1 ) 

If we employ Eulerian quantities for the above expression we can rewrite Ko as 

Ko = (15/2)1/2 (eI4v 3)1/6 ( 1 2 ) 

If we take 1= Lo' 

Ko = (15/2)1/2(eV-2)1/2 = 7.5vsN-1. ( 1 3) 

Since we used the Ozmidov scale for I the formula is only applicable for the vertical diffusion 
in the stably stratified environment. The equation (13) is considerably different from the 
empirically suggested form Kz=aeN-2 where a is an empirical constant. Osborn (1980) 
suggests the upper bound for a is 0.2, hence 

Kz = 0.2eN-2. ( 1 4 ) 

Since the diffusion coefficient must have the same dimension with the turbulence velocity 
scale u times a length scale L, a dimensional argument yields Kz must be a constant times uL. 
Hence the Kz model can be obtained by setting L=Lo. The discrepancy between (13) and (14) 
is rooted in the original formulation. 

Figure 6 shows values of Ko and Kz against e for three different N (0.001, 0.005 and 
0.01 rad S-1). The kinematic viscosity was evaluated at 2°C. The average dissipation rate in 
the mixed layer is roughly between 10-7 and 10-6 W Kg-1. Diffusion coefficient from the Kz 
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model varies three decades between 10-4 and 10-1 m2 S-1. On the other hand the Ko model 
varies 10-4 and 10-3 m2 S-1. We think realistic values for the diffusion coefficient may be 
close to the Ko model. 

3 ONE DIMENSIONAL LAGRANGIAN MODEL 

3.1 Model 

The random walk model is extensively used in simulating particle diffusion and 
animal aggregation. Skellam (1951) uses the random walk model and the law of diffusion 
for the study of spatial expansion and distribution of animal population. Our initial step to 
model the motion of particles follows the conventional random walk. A single particle moves 
from a position X(t) to an adjacent position X(t+M) with an instantaneous velocity V(X, t). 
The cause of movement involves physical, physiological, and social factors. We trace the 
trajectory of particle every time interval At. 

X(t+A t) = X(t) + 
( t+M 

I V(X,s) ds 
J t 

( 1 5 ) 

where t is a continuous time. The discrete form of the above equation may be written as 

X(n+An) = X(n) + Z(n) ( 1 6 ) 

where n is an equally spaced discrete time and Z(n) is an appropriate step size over an fixed 
time interval An. If Z(n) is white noise, the process is the pure random walk. It is 
convenient to separate Z(n) into biologically induced velocity ZB(n), e.g. swimming or 
sinking, and physically induced velocity Zp(n) , e.g. mean current or turbulence, namely 

Z(n) = ZB(n) + Zp(n). ( 1 7) 

We apply a simple random walk diffusion for Zp(n) if the particle is in the mixed layer, 
otherwise there is no physical forcing. The step size ZP(n) follows a normal distribution 
with mean zero and standard deviation (2KoAn)1/2. We used Ko=10-4 m2 S-1 and An=1 800 
sec (30 minutes). These diffusion coefficients are approximately for cases U1o=10 m S-1 

with N=0.01 (see Figure 6) The biological component, ZB(n), is a constant-speed. The 
organisms do not interact with each other so that each particle can be traced independently. 
The depth of mixed layer is set by the Ekman layer model and the turbulent diffusion only 
happens in the mixed layer with uniform intensity. 

3.2 Simulations 

At the beginning of the simulation 1 000 particles are located at the surface. 
Presumably phytoplankton continuously produce new generations. Thus, 1000 particles are 
added at every 24 hours over 10 day simulation time. At the end of the simulation 11 000 
particles were traced. Table 1 summarizes simulation cases. 

Figure 7 shows a series of particle distribution profiles at every 12 hours. 
Particles diffuse like a continuous medium within the mixed layer. No significant change in 
the density of particle was observed below the mixed layer, 38m, for this case. A slight 
increase in the descending speed of particle cause drastic difference in the distribution 
(Figure 8). Because particles sink faster than diffusive effect of turbulence, particles are 
grouped in a single cluster for each generation. For descending particles under weak wind 
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condition, U1o=5 m S-1, a deposit of particles can be found at the base of mixed layer, 
however, once a particle leaves the turbulent region it never get back to the mixed layer 
(Figure 9). These results indicate that fast sinking particles distribute rather uniformly 
~ and ~ the mixed layer. On the other hand, if the turbulent intensity is not strong 
enough in the mixed layer for fast sinking particles a non-uniform distribution of particles 
is created. 

Finally, some species of phytoplankton can swim upward and the slight motile may 
cause a significant difference in the life stage. Due to the active swimming a particle can be 
entrained back to the mixed layer even if it has been left from the mixed layer. An example 
of particle trajectory is shown in Figure 10. Although a deposit of particles at the base of 
mixed layer is growing with time, members of the cluster can be changed over the time. 
Physiologically this mechanism may act to reduce photo-inhibition. Woods and Onken 
(1982) showed a particle re-entry mechanism into the mixed layer by introducing diurnal 
convective mixing. As we have discussed in section 2.2 the diurnal changes in the depth 
mixed layer is seeming unlikely in the Antarctic ocean. 

4. SUMMARY 

Our simulation is still in an early stage. No suggestions can be made relating to the 
distribution of krill. However, we demonstrated the distribution of phytoplankton can be 
significantly changed depending on the depth mixed layer, the level of turbulence and the 
sinking/swimming speed of particle. The upper layer in the Antarctic ocean is not as well 
mixed as we originally thought. Presumably the weak mixing condition allows the 
phytoplankton to grow sufficiently with almost unlimited nutrition level. Interrelation 
between physical processes and the primary productivity in the upper ocean must have 
unique characteristics in the Antarctic ocean. 
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Table 1: Physical and biological condition for simulations. Swimming (or sinking) 
speed, WB, was kept throughout the simulation for each case. The diffusion 
coefficient Ko was fixed for all simulations. The value is close to a case when 
wind speed U10 is roughly 10 m S-1. Depth of mixing layer was determined 
from Ekman layer mode. 

Case A B c o 

10-4 3.x10- 4 10- 5 -1 0- 5 

10-4 10-4 10-4 10-4 

1 0 1 0 5 5 

38 38 1 9 1 9 
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m S-1 (from the top to the bottom), The energy contained eddy size is set by 
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0.05 and 0.01 rad S·1 and three cases are shown by dotted lines (from the top 
to the bottom). The Taylor microscale depends on the energy containing eddy 
size. Two cases are shown the figure. The microscale based on the Ekman 
depth is shown by single chain dot and the Taylor microscale calculated from 
the Ozmidov scale appears as three lines of chains with double dots for 
N=0.001, 0.05 and 0.01 from the top line to the bottom line respectively. 
The Kolmogorov scale is depicted with a dashed line. 
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Table 1 

Figure 1 

Figure 2. 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

Figure 7 

Figure 8. 

Legende du tableau 

Conditions physique et biologique pour les simulations. La vitesse de nage 
(ou d'enfoncement) WB, etait con stante pour toute la simulation dans chaque 
cas. Le coefficient de diffusion Ko etait fixe dans toutes les simulations. La 
valeur est proche de celle d'un cas ou la vitesse du vent Uto serait 
d'environ 10 m/so La profondeur de la couche de melange a ete determinee 
d'apres le modele de couche d'Ekman. 

Legendes des figures 

Courbes de salinite / temperature / profondeur le long de 57°0 relevees 
par le navire de recherche Professor Siedlecki au mois de janvier 1987. 
a) Courbes de salinite (S). b) Courbes de temperature (T). c) Courbes de 
frequence de flottabilite (N). d) Emplacement des stations de salinite / 
temperature / profondeur Le numero de la station de salinite / 
temperature / profondeur est indique sous la courbe de frequence de 
flottabilite. 

Courbes de dispersion entre 1 m et la base de la couche Ekman a 61°S. 
Quatre conditions de vents differents ont ete utilisees; U10 = 1, 5, 10 et 
20 m/sec (de la gauche a la droite des courbes). 

Spectres de la vitesse de la turbulence (lignes continues) et spectres de 
dissipation (lignes en pointille). Les taux de dissipation sont fixes au taux 
moyen de dissipation du modele des couches d'Ekman. Quatre vitesses de 
vent differentes ont ete utilisees; UlO =1, 5, 10 et 20 m/sec1• L'energie a 
ete calculee en tenant compte de la taille du remous, et est fixe par 
I'echelle Ozmidov Lo = (eN /3)1/2 ou N = 0.001 rayon/sec est utilise. 

Identique a la figure 3 avec N = 0.01 rayon sec-1• 

Echelles de longueur en fonction du taux de dissipation. La profondeur de la 
couche Ekman est indique par une ligne continue et le taux de dissipation 
associe avec I'echelle de longueur est la valeur moyenne de profondeur. 
L'echelle Ozmidov est calculee avec trois differents N = 0.001, 0.05 et 
0.01 rayon/sec et trois cas sont indiques par des lignes pointillees. La 
micro-echelle Taylor depend de I'energie calculee en tenant compte de la 
taille du remous. Deux cas sont iIIustres sur la figure. La base de la 
micro-echelle sur la profondeur Ekman est indique par un pOintille simple 
et les echelles avec les echelles Ozmidov apparaissent en pointille double. 
L'echelle Kolmogorov est representee par une ligne tiretee. 

Deux estimations du coefficient de diffusion Ko et Kz en fonction de taux de 
dissipation. Les lignes continues indiquent Kz et les lignes pointillees, Ko. 
Trois N differents sont utilises. Le haut de chaque ligne est N = 0.001. Le 
centre est N = 0.05. Le bas est N = 0.01. 

Courbes de distribution des particules toutes les 12 heures. Le nombre de 
particules, Ne dans un receptacle d'un metre est indique sur une echelle 
logarithmique de base 10. Chaque courbe represente la situation de 10 
jours en 10 jours. Cas de simulation A. 

Identique a la figure 7 pour le cas de simulation B. 
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Figure 9. 

Figure 10. 
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Identique a la figure 7 pour le cas de simulation C. 

Identique a la figure 7 pour le cas de simulation D. Les cercles pleins 
montrent la trajectoire d'une particule sur toute la simulation. La 
particule quitte la couche mixte apres environ 5 jours et est bloquee a la 
base de la couche mixte pour un jour et demi. Ensuite, la particule reussit 
a rentrer dans la couche mixte et y reste pendant le reste de la periode de 
simulation. 

3arOJIOBKH K Ta6JIH~aM 

<l>H3Hl-leCKHe H 6HOJIOrHl-leCKHe YCJIOBH5I MO~eJIHpOBaHH5I. CKOPOCTb 
TIJIaBaHH5I (HJIH norpY)l{eHH5I), Wa 6blJIa nOCT05IHHOH ~JI5I CJIyqaeB 

MO~eJIHpOBaHH5I. K03cp<Im~eHT pacceHBaHH5I KD 6bIJI nOCT05IHHhIM 

~JI5I Bcex nporoHoB MO~eJIH. Ero 3HaqeHHe 6JIH3KO K CJIyqaIO, Kor~a 
CKOPOCTb BeTpa U10 paBH5IJIaCb npH6JIH3HTeJIbHO 10 M/ ceK. r JIy6HHa 

CMeIIIHBaIOII{erO CJI05I 6bIJIa onpe~eJIeHa no MO~eJIH CJI05I 3KMaHa. 

TIO,l{nHCH K pHcYHKaM 

TIpocpHJm: STD B,l{OJIb 57°3.,l{., B3RTble HI1C "TIpocpeccop Ce,l{JIeQKHH" B 
RHBape 1987 r. a) IIpOCPHJIH COJIeHOCTH ($loo b) IIpocpHJIH TeMnepa TYPbI 
(D. c) IIpocpHJIH qaCTOTbI BCTpeqaeMOCTH CJI05I C HeHTpaJIbHOH 
nJIaByqeCTbIO (N). d) MecTOHaXO)l{~eHHe cTaH~HH STD. HOMepa 
cTaH~HH STD nOKa3aHbI no~ npocpHJIeM qaCTOTbI BCTpeqaeMOCTH 

CJI05I C HeHTpaJIbHOH nJIaByqeCTbIO. 

TIPOCPHJIH pacceHBaHHR Me)!(,l{Y 1 M H OCHOBaHHeM CJIOR 3KMaHa Ha 
61 ° IO.llI.l1cnOJIb3YIOTCR qeThlpe YCJIOBHR BeTpa; U10 = 1, 5, 10 H 20 

M/ceK (CJIeBa HanpaBo no HanpaBJIeHHIO npocpHJIefO. 

CneKTp CKopocTeM TYPoYJIeHTHOCTH (HenpephIBHble JIHHHH) H 
cneKTphl pacceHBaHHR (TOqeqHhle JIHHHH).Ko3CPCPHI . ..\HeHThl 
pacceHBaHHR ycpe,l{HeHhl no MO,l{eJIH CJIOR 3KMaHa. I1cnOJIb3yeTcR 
qeThlpe CKOPOCTH BeTpa; U10 = 1, 5, 10 H 20 M/ceK. OTHollIeHHe 

Me)!(,l{Y 3HeprHeM H pa3MepoM BO,l{OBOpOTa COCTaBJIeHO no IlIKaJIe 

03MH,l{OBa Lo = (E/N3)1/2 ,r,l{e N=O,OOl pa,l{/ceK. 

To )!(e, qTO H300pa)!(eHO Ha pHcYHKe 3, HO B ,l{aHHOM CJIyqae N=O,Ol 
pa,l{/ceK. 

illKaJIhl ,l{JIHHhl no OTHOllIeHHIO K K03CPCPHQHeHTY pacceHBaHHR. 
HenpephIBHaR JIHHHR YKa3bIBaeT r JIYOHHY CJIOR 3KMaHa, H 
K03CPCPHl . ..\HeHT pacceHBaHHR, CBR3aHHhlM co IlIKaJIOM ,l{JIHHhl, 
RI3JIReTCR Cpe,l{HHM 3HaqeHHeM r JIyOHHhI. illKaJIa 03MH,l{OBa 
paCCqHTaHa no TpeM pa3HhlM 3HaqeHHRM: N = 0,001,0,05, H 0,01 
pa,l{/ceK. TPH CJIyqaR nOKa3aHhl TOqeqHhlMH JIHHHRMH. 
MHKpoMacllITao TeMJIopa 3aBHCHT OT pa3Mepa cO,l{ep)!(am;eMCR B 
BO,l{OBOpOTe 3HeprHH. Ha pHcYHKe npe,l{CTaBJIeHhl ,l{Ba npHMepa. 
MHKpoMacllITao, OCHOBaHHblM Ha r JIYOHHe CJIO.H 3KMaHa, OTMeqeH 
IlITpHx-nYHKTHpHOM JIHHHeM H MaCIlITaOhl, OCHOBaHHble Ha IlIKaJIe 
03MH,l{OBa, H300pa)!(aIOTCR ,l{BOMHOM IlITpHx-nYHKTHpHOM JIHHHeM. 
illKaJIa KOJIMOrOpOBa H300pa)!(aeTCR nYHKTHpHOM JIHHHe:A. 



PMCYHOK6 

PMCYHOK 7 

PMCYHOK8 

PMCYHOK 9 

PMCYHOK 10 

Tabla 1 

Figura 1 a 

Figura 2 

Figura 3 

Figura 4 

)lBe oQeHKM K03tPtPMQMeHTa pacnpocTpaHeHM.H Ko M Kz no 

OTHOlIIeHMIO K K03tPtPMQMeHTY pacceMBaHM.H. 3awTpMxoBaHHble TOqKM 

YKa3bIBalOT Kz M TOqeqHble JIMHMM - Ko HCnOJIb3YlOTCH TpM pa3Hblx N. 
BepxHeH TOqKOH Ka)l(,ltOH JIMHMM .HBJI.HeTC.H N=O,OOl. Cpe,ltHeH TOqKOH 

- N = 0,05. HM)I(HeH TOqKOH - N = 0,01. 

TIPOtPMJIM pacnpe,lteJIeHM.H qaCTMQ qepe3 Ka)l(,ltble 12 qaCOB. 

KOJIHtIeCTBO tIacnm; Ne B O~HOMeTpOBOH 5ItIee nOKa3aHO Ha 

JIOrapl1<pMl1tIeCKOH lIIKaJIe <lg). PaCCT05IHl1e Me)l{~y npoqmJI5IMI1 

paBHo 10 ~H5IM. CJIyqaH MO,lteJIMpOBaHM.H <1>6 

To )l{e, tITO.Ha pl1cYHKe 7 ~JI5I cJIyqa.H MO,lteJIMpOBaHM.H B. 

To )l{e, tITO Ha pl1cYHKe 7 ~JI5I cJIyqa.H MO,lteJIMpOBaHM.H C. 

To )l{e, tITO Ha pl1cYHKe 7 ~JI5I cJIyqa.H MO,lteJIMpOBaHM.H D. 
3amTpl1XOBaHHble TOtIKI1 nOKa3bIBaIOT TpaeKTOpl1IO tIaCTI1IJ;bI B 

TetIeHl1e Bcero MO~eJIl1pOBaHI15I lJaCTl1I.~a nOKI1~aeT CMeml1BaIOml1H 
CJIOH npl16JIl13l1TeJIbHO tIepe3 5 ~HeH 11 3a~ep)l{I1BaeTC5I B OCHOBaHl111 

CMeml1BaIOmero CJI05I Ha nOJITOpa ~H5I. 3aTeM tIaCTI1IJ;a ycnemHo 
CHOBa BXO~I1T B CMeml1BaIOml1H CJIOH 11 OCTaeTC5I TaM ~O OKOHtIaHI15I 

nepl10~a MO~eJIl1pOBaHI15I. 

Encabezamiento de la Tabla 

Condiciones ffsicas y biol6gicas para simulaciones. La velocidad de nataci6n 
(0 hundimiento), WB, se mantuvo durante la simulaci6n de cada caso. Se 
fij6 el coeficiente de difusi6n Ko para todas las simulaciones. El valor esta 
pr6ximo a un caso cuando la velocidad del viento U10 es aproximadamente 
10 m S-1. La profundidad de la capa mixta fue determinada a partir de la 
moda de la capa Ekman. 

Leyendas de las Figuras 

Perfiles STD (salinidad, temperatura, profundidad) a 10 largo de los 57°0 
tomados por el 8/1 Professor Siedlecki en enero de 1987. a) Salinidad (S) 
perfiles. b) Temperatura (T) perfiles. c) Frecuencia de flotabilidad (N) 
perfiles. d) Localizaci6n de las estaciones STD. El numero de estaci6n STD 
se muestra debajo del perfil de frecuencia de flotabilidad. 

Perfiles de disipaci6n entre 1 m y la base de la capa Ekman a los 61°S. Se 
usan cuatro condiciones de viento; U10 = 1,5,10, Y 20 m sec-1 (de izquierda 
a derecha de los perfiles). 

Espectro de velocidad de turbulencia (lfneas s6lidas) y espectro de 
disipaci6n (lineas de puntos). Los indices de disipaci6n se establecen por el 
indice de disipaci6n promedio del modelo de la capa Ekman. Se utilizan 
cuatro velocidades de viento diferentes U10 = 1,5,10 Y 20 m sec -1. La 
energia contenida en un remolino de un tamano dado se establece por la 
escala Ozmidov Lo = (N-3)1/2 donde N = 0.001 rad sec-1 es utilizado. 

Igual que en la Figura 3 con N = 0.01 rad sec-1• 
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Figura 5 

Figura 6 

Figura 7 

Figura 8 

Figura 9 

Figura 10 
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Escala de longitud como funcion del indice de disipacion. La profundidad de 
la capa Ekman esta indicada con una linea solida y el indice de disipacion 
asociado con la escala de longitud es el valor promedio de profundidad. La 
escala Ozmidov se calcula con tres N = 0.001, 0.05 Y 0.01 rad sec- 1 

diferentes y tres casos estan indicados mediante lineas de puntos. La micro 
escala Taylor depende de la energia que contiene remolinos de un tamafio 
dado. Se muestran dos casos en la Figura. La base de la micro escala en la 
profundidad Ekman esta indicada por una cadena de puntos sencilla y las 
escalas Ozmidov aparecen con una cadena de puntos doble. La escala 
Kolmogorov esta representada con una linea quebrada. 

Dos estimaciones del coeficiente de difusion Ko Y Kz en relacion a los indices 
de disipacion. Las lineas solidas representan Kzy las lineas de puntos Ko. 
Se utilizan tres N diferentes. La parte superior de cada linea es N = 0.001. 
La parte central es N = 0.05. La parte inferior es N= 0.01. 

Perfiles de la distribucion de partfculars cada 12 horas. Caso de 
simulacion A. 

Perfiles de la distribucion de particulas cada 12 horas. Caso de simulacion 
B. 

Perfiles de la distribucion de particulas cada 12 horas. Caso de simulacion 
C. 

Perfiles de la distribucion de particulas cada 12 horas. Caso de simulacion 
D. 
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JOINT POLISH/AMERICAN HYDROACOUSTIC SURVEY OF ELEPHANT ISLAND AND 
THE VICINITY OF KING GEORGE ISLAND, 1988 

M.C. Macaulay 

Abstract 

The hydroacoustic survey found a low krill abundance in most areas 
covered by last years survey. The total biomass in the vicinity of 
Elephant Island was estimated from 120 kHz data to be 260k tonnes 
and that in the Bransfield Strait south of King George Island was 
39k tonnes for a total of 299k tonnes in the combined areas. The 
estimated 200 kHz survey data were higher, giving 715k tonnes near 
Elephant Island and 83k tonnes in the Bransfield Strait. The survey 
results apply to 7 453 n miles2 near Elephant Island and 
2 894 n miles2 in the Bransfield Strait. The full survey found 
(120 kHz data) 385k tonnes (in 7 787 n miles2) in the Bransfield 
Strait and the area north of King George Island and 309k tonnes (in 
8 836 n m2) in the expanded area around Elephant Island. 

Resume 

Une campagne d'etude hydroacoustique a permis de detecter un niveau 
d'abondance de krill peu eleve dans la plupart des regions ayant fait 
I'objet d'une prospection I'annee passee. D'apres les donnees etablies 
sur 120 kHz, la biomasse totale aux alentours de I'Ile de l'Elephant a 
ete estimee a 260 kilotonnes. Dans le detroit de Bransfield, au sud de 
I'ile du Roi George, elle a ete estimee a 39 kilotonnes, soit un total de 
299 kilotonnes pour les deux regions. Les donnees d'etude estimees 
sur 200 kHz etaient plus elevees, indiquant une biomasse de 
715 kilotonnes pres de I'ile de l'Elephant et 83 kilotonnes dans le 
detroit de Bransfield. Les resultats de I'etude s'appliquent a 
7453 milles marins carres pres de 1'lIe de l'Elephant et 
2894 mille marins carres dans le detroit de Bransfield. L'ensemble 
de I'etude (donnees obtenues sur 120 kHz) indiquait la presence de 
385 kilotonnes (sur 7787 milles marins carres) dans le detroit de 
Bransfield et la region au nord de I'ile du Roi George, et de 
309 kilotonnes (sur 8836 milles marins carres) dans la region qui 
s'etend autour de I'ile de l'Elephant. 

Pe3IOMe 

Pe3YJIbTaTbI rli,l{pOaKYCTlf4eCKlix CbeMOK nOKa3aJIli HaJIliqlie 
HeOOJIblIIOrO KOJIliqeCTBa KPliJI.H B OOJIblIIliHCTBe pa:AoHoB. 
OXBaqeHHbIX cbeMKo:A npe,l{bI,l{yru;ero rO,l{a. TIo ,l{aHHbIM. 
nOJIyqeHHbIM npli paOOTe Ha qaCTOTe B 120 Krll. ooru;a.H 
olioMacca B pa:AoHe oCTpoBa 3JIeqJaHT ObIJIa OlleHeHa B 260 
TbIC.Hq TOHH. a B npOJIliBe BpaHcqJliJI,l{a. K IOry OT oCTpoBa 
KliHr-.ll)l(Op,l{)l(. - B 39 TbIC.Hq TOHH. qTO no OOOliM pa:AoHaM 
BMeCTe ,l{aeT 299 TbIC.Hq TOHH. TIPli paOOTe Ha qaCTOTe 200 Krll 
OlleHKli ObIJIli BbIlIIe: 715 TbIC.Hq TOHH OKOJIO oCTpoBa 3JIeqJaHT li 
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83 TbIC.H1UI TOHH B npOJUJ:Be BpaHcqmJI.lla. Pe3YJIbTaTbI CbeMKH 
npHMeHHMbI K aKBaTopHH B 7453 KB. MOPCKHX MHJIH Y oCTpoBa 
3JIecpaHT H 2894 KB. MOPCKHX MHJIH - B npOJIHBe BpaHccpHJI.lla. 
06mHe pe3YJIbTaTbI CbeMOK (no .llaHHbIM npH pa60Te Ha 
1.IaCTOTe B 120 KrU;) : 385 TbIC.H1.I TOHH (aKBaTOpH.H B 7787 KB. 
MOPCKHX MHJIb) B npOJIHBe BpaHccpHJIb.lla H paiioHe K ceBepy 
OT oCTpoBa KHHr-,ll)l(OP.ll)l( H 309 TbIC.H1.I TOHH ( aKBa TOpH.H B 
8836 KB. MOPCKHX MHJIb) B 60JIbllIeM paiioHe BOKpyr oCTpoBa 

3JIecpaHT. 

Resumen 

La prospeccion hidroacustica encontro una baja abundancia de krill en 
la mayoria de las areas cubiertas por la prospeccion del ana pasado. 
La biomasa total en las proximidades de la is la Elefante estimada a 
partir de los datos correspondientes a los 120 kHz, resulto ser de 
260k toneladas mientras que en el estrecho de Bransfield al sur de la 
isla Rey Jorge fue de 39k toneladas dando un total de 299k toneladas 
en las areas combinadas. Los datos estimados de la prospeccion en 
200 kHz fueron mayores, dando unas 715k toneladas cerca de la isla 
Elefante y unos 83k toneladas en el estrecho de Bransfield. Los 
resultados de la prospecci6n corresponden a 7 453 nm2 cerca de la 
isla Elefante y a 2 894 nm2 en el estrecho de Bransfield. La 
prospecci6n completa (datos correspondientes a 120 kHz) encontr6 
385k toneladas (en 7 787 nm2) en el estrecho de Bransfield y en el 
area al norte de la isla Rey Jorge, y 309k toneladas (en 8 836 nm2) 
en el area extendida en los alrededores de la isla Elefante. 



1 . INTRODUCTION 

The joint Polish/American hydroacoustic cruise was conducted as a response to 
provide input for the CCAMLR Ecosystem Monitoring Program and for providing guidance to 
the US delegation to the CCAMLR concerning krill and other prey species. This research 
involves an annual Antarctic field program, analysis and interpretation of data, and 
preparation of scientific papers. This was the second of a series of similar cruises. 

The principal objectives of the cruise focus on priorities identified by the CCAMLR 
Ecosystem Monitoring Working Group. These include: 

( 1) Establishment of a standard survey encompassing Elephant Island and King 
George Island. 

( 2) Establishment of baseline studies coordinated with predator (e.g. seal and 
penguin) populations within the survey area. 

( 3) Establish a longterm monitoring effort for a statistically-based evaluation of 
net and acoustic sampling gear bias. 

The last topic has not been done in a consistent or systematic manner and needs to be 
addressed to validate the results of any survey effort and to assist with determination of 
statistical confidence limits about hyrdroacoustic and net estimates of abundance. The 
survey and baseline studies will permit evaluation of interannual variation in population of 
krill and other prey as well as monitor distribution. These topics directly respond to 
identified CCAMLR data needs and will be closely coordinated with us and other nations' 
research efforts. 

2. MATERIALS AND METHODS 

The hydroacoustic survey was conducted from 22 January 1988 to 5 February 1988 
and covered 1 693 n miles. The area surveyed is shown on the cruise track map (Figure 1). 
The cruise departed Punta Arenas, Chile on 18 January 1988 and returned to Rio de Janeiro, 
Brazil on 27 February 1988. The survey of Elephant Island began on 22 January and ended 
on 31 January. The survey of King George Island and Bransfield Strait began on 31 January 
and was completed on 5 February. Additional special studies were done north of Elephant 
Island from 21 January until 22 January and from 5 February until 14 February when the 
return to Rio was begun. All sampling was done from the RN Professor SiedJecki, a 300 ft 
stern trawler equipped for fisheries and oceanographic research. The vessel consistently 
maintained speeds greater than 6 knots (day and night) in all sea states encountered 
(including force 8 winds and fog). 

This joint survey was conducted using simultaneously operated acoustic systems 
utilizing a towed system (American) and the hull mounted system (Polish) in the 
RN Professor SiedJecki. There were no indications of interference between systems due to 
the operating frequencies having no common multiple (50 kHz and 200 kHz, American; 
120 kHz Polish). The coverage by frequency/depth/method of integration is as follows: 
120 kHz/6-180 m/analog; 50 kHz/6-250 m/digital; 200 kHz/6-250 m/digital. Echo 
data were processed by analog integrator (120 kHz) or processed using the software and 
hardware developed at NWAFC (50 kHz and 200 kHz). The methods, constants and 
target-strengths used for processing the 120 kHz and 200 kHz data presented in this report 
are included in Appendix. 

The areas surveyed were Bransfield Strait in proximity to King George Island 
(7 787 n miles2 including 2 894 n miles2 of areas surveyed in 1987) including the area 
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north of King George Island and the vicinity of Elephant Island (8 836 n miles2 including 
7453 n miles2 in areas surveyed in 1987; Figure 1). The survey was conducted 24 hours 
a day, incorporating minimal interruption of survey mode. These breaks were limited to 
bongo-net hauls (reduced speed from 6-8 knots to 3 knots for 45 min) spaced 
approximately every 30 n miles and R M T -8 hauls taken at several locations for 
length-frequency of ensonified populations. Noon productivity stations incorporating a 
hydrocast and STD cast were taken daily. The methods used to calculate abundance and 
biomass are included as an appendix. 

3. RESULTS 

The results of the analog integration (120 kHz data) gave an estimate of 39k tonnes 
(in 2 894 n miles2 ) in the Bransfield. Strait and 260k tonnes (in 7 453 n miles2 ) in the 
Elephant Island area for a total of 299k tonnes in the areas surveyed last year. The full 
survey found (120 kHz data) 385k tonnes (in 7 787 n miles2 ) in the Bransfield Strait and 
the area north of King George Island and 309k tonnes (in 8 836 n miles2) in the expanded 
area around Elephant Island. This is probably a minimum figure because the 120 kHz 
system had a higher threshold of detection than the 200 kHz system. It is, however, much 
lower than last year and closer to the estimates observed in 1984 in this area, i.e. a low 
density. The results from the 50 kHz and 200 kHz systems were stratified to compare with 
the 120 kHz system and to provide additional independent estimates of abundance and 
biomass. The areas and statistics for sUb-blocks are shown in Table 1 (the geographic 
boundaries for these areas and sub-blocks are shown in Figure 1). The mean density in each 
block is shown under the column labelled "Actual Mean, 120 kHz" and is in tonnes per n 
miles2 • The biomass for each block estimated from 120 kHz data is given under the column 
labelled "Est. Total, 120 kHz" and is in thousand tonnes. Similar columns are presented for 
200 kHz data estimated from the 120 kHz data based on ratios established last year. The 
200 kHz data will be presented in the final cruise report as well as the 50 kHz data. Table II 
presents a complete listing of survey data including the areas not surveyed last year. Table 
III presents the electrical and acoustic parameters of the systems used. 

4. DISCUSSION 

The survey in areas covered last year were very comparable (2 894 n miles2 in 
1988 vs 3 000 n miles2 in 1987 for the Bransfield Strait; 7 453 n miles2 in 1988 vs 
7 346 n miles2 in 1987 for Elephant Island) (Figure 2). The additional areas covered were 
to the west of Elephant Island (1 383 n miles2) and east of Elephant Island (336 n miles2), 

and the area north of King George Island (3 239 n miles2) so that the total survey represents 
16 623 n miles2 in 1988 vs 10346 n miles2 in 1987. The mean abundance 
(tonnes/n miles2 ) by block for 120 kHz data and estimated 200 kHz data (Figure 3) is 
about half that of 1987 as is the total biomass (Figure 4). The distribution of abundance and 
biomass was much more even between blocks in 1988 instead of highly variable as it was in 
1987. The mean abundance and total biomass for 1987 is shown in Figure 5 and the 
comparison of total biomass in the survey area in 1987 and 1988 (120 kHz data) is shown 
in Figure 6. A jOint scientific paper will report the results of the full comparison of these 
data. 
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APPENDIX 

CALCULATION OF TARGET STRENGTH AND SYSTEM CONSTANTS 

The RN Professor Siedlecki hull mounted system consisted of Simrad* EK-120 
sounder coupled to a Simrad OM MK 11 analog echo integrator. A Simrad EK-38 sounder was 
used for auxiliary observation of targets outside the range of the EK-120 (Le. below 
130 m). Before the cruise, the equipment was calibrated in acoustic and electrical units. 
These values are presented in Table 2. Echo integration was done for the depths of 6 to 
180 m. Because the range of the EK-120 TVG is limited to 110 m, during calculations the 
results from 110 to 180 m were corrected. The basis for the estimation of krill biomass 
was the calculation of the mean value of volume back-scattering-strength Sy for each 
1 n mile of vessel track following the method described in BIOMASS Report Series No. 40. 
Mean volume back-scattering is here defined as: 

Sy = -75.81 + 10 log T 1.0 

where Sy is mean volume back-scattering-strength; T is echo integrator deflection for 
1 n mile segment (in n miles). The mean abundance of krill per unit of surface area was 
calculated using: 

cr = 10 0.1(Sy + 10 log R-TS) 1 .1 

where (f is mean abundance of krill (number/m2); R is width of integration layer (110 m 
value was assumed) and TS is mean target strength of ensonified krill. The target strength to 
length relation used was: 

TS = 19.9 log L - 95.7 (db) 1.2 

where L is the length of krill in mm. Mean surface density or abundance (tonnes/nm2 ) was 
calculated from the following formula: 

B = 3.43 * (f * W 1.3 

where B is mean surface abundance of biomass; w is the mean weight of krill (in g) and is 
mean density of krill from 1.1 above mean weight of krill was calculated from the relation: 

w = 0.000925 * "[3.55 1.4 

where w is weight of krill (mg) and T is length of krill (mm). 

The towed acoustic systems used from RN Professor Siedlecki consisted of a 
BIOSONICS Inc. Model 101 sounder operating at 200 kHz and coupled to a Hewlett Packard 
A900 computer for real-time digital integration of the data. A BIOSONICS Inc. Model 101 
sounder operating at 50 kHz was also used. The 50 kHz envelope detected signal was recorded 
in FM mode on an instrument recorder for post cruise analysis. Before the cruise, the 

* Reference to trade names or commercial firms does not imply endorsement by the National 
Marine Fisheries Service (NMFS), NOAA. 
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equipment was calibrated in acoustic and electrical units. These values are presented in 
Table 2. Analysis of the 200 kHz acoustic data follows the methods of Johanneson and Mitson, 
1983 and Macaulay et ai, 1984. Measurements of envelope detected voltage for each ping 
were made every 0.1 m (a digitizing rate of 7.5 kHz), then squared and summed into 1 m 
depth intervals and averaged for 60 pings (1 min). The estimate of average density in each 
depth interval and for the total column selected (6-250 m) was then calculated. One-min 
estimates then were recorded on magnetic disk files for further analyses. Estimates of 
average density were determined for intervals down to 250 m or bottom whichever occurred 
first. Provision for elimination of the bottom signal is made in the system by means of a 
combination software and hardware bottom detection methods. For comparison with 120 kHz 
data, the data were stratified for the depth bin 6-180 m. The target strength (1.2 above) 
and length-weight (1.4 above) relations were used for calculations of density and biomass. 
This was done on the basis of Kristensen and Dalen (1986) which indicates no correction for 
frequency is necessary between 120 kHz and 200 kHz, unlike that proposed in BIOMASS 
Report No. 40. 
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Table 1: Comparative mean abundance and total biomass for blocks also surveyed in 
1987. 

BLOCK DIST. AREA ACTUAL EST. ACTUAL EST. 
n miles MEAN MEAN* TOTAL TOTAL* 

120 kHz 200 kHz 120 kHz 200 kHz 
tonnes/1000 tonnes/1000 

8RANSFIELD STRAIT (8S) 

A5 37.00 567.00 11.02 47.84 6.25 27.13 
85 44.00 811.00 7.06 11.72 5.73 9.50 
A6 34.00 826.00 21.27 35.06 17.57 28.96 
86 27.00 690.00 13.12 25.37 9.05 17.51 

SU8TOT (8S) 142.00 2894.00 52.47 119.99 38.60 83.10 

Avg. (8S) 35.50 723.50 13.12 30.00 9.65 20.77 

ELEPHANT ISLAND (El) 

C1 9.00 223.00 18.70 52.08 4.17 11.61 
01 61.00 446.00 66.98 167.70 29.87 74.79 
E1 42.00 446.00 35.89 176.38 16.01 78.67 
C2 63.00 734.00 48.64 135.47 35.70 99.43 
02 274.00 881.00 42.25 124.10 37.22 109.33 
E2 149.00 882.00 29.50 108.49 26.02 95.69 
C3 132.00 1013.00 39.26 89.06 39.77 90.22 
03 109.00 742.00 21.74 34.77 16.13 25.80 
E3 99.00 803.00 33.03 83.26 26.52 66.86 
C4 62.00 142.00 65.07 80.68 9.24 11.46 
04 25.00 570.00 26.47 66.96 15.09 38.17 
E4 56.00 571.00 7.47 22.41 4.27 12.80 

SU8TOT (El) 1081.00 7453.00 435.00 1141.36 260.01 714.82 

Avg. (El) 90.08 621.08 36.25 95.11 21.67 59.57 

G.TOTAL 1223.00 10347.00 298.61 797.92 

* 200 kHz data estimated from 120 kHz data using 1987 ratios. 
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Table 2: Mean abundance and total biomass in blocks surveyed in 1988. 

BLOCK DIST. AREA ACTUAL EST. ACTUAL EST. 
n miles MEAN MEAN* TOTAL TOTAL* 

120 kHz 200 kHz 120 kHz 200 kHz 
tonnes/1000 tonnes/1000 

BRANSFIELD STRAIT (BS) 

AA34 122.00 997.00 86.71 207.75 86.45 207.13 
A3 19.00 432.00 91.39 218.96 39.48 94.59 
B3 20.00 289.00 57.96 138.85 16.75 40.13 
A4 73.00 803.00 139.63 334.53 112.12 268.63 
B4 35.00 576.00 38.78 92.90 22.33 53.51 
C4 11.00 142.00 65.07 155.88 9.24 22.13 
M5 35.00 579.00 33.05 79.19 19.14 45.85 
A5 37.00 567.00 11.02 47.84 6.25 27.13 
B5 44.00 811.00 7.06 11.72 5.73 9.50 
C5 30.00 420.00 26.13 62.60 10.97 26.29 
M6 18.00 413.00 48.76 116.82 20.14 48.25 
A6 34.00 826.00 21.27 35.06 17.57 28.96 
B6 27.00 690.00 13.12 25.37 9.05 17.51 
C6 20.00 242.00 41.64 99.75 10.08 24.14 

SUBTOT (BS) 525.00 7787.00 681.58 1627.22 385.30 913.74 
Avg. (BS) 37.50 556.21 48.68 116.23 27.52 65.27 

ELEPHANT ISLAND (El) 

C1 9.00 223.00 18.70 52.08 4.17 11.61 
01 61.00 446.00 66.98 167.70 29.87 74.79 
E1 42.00 446.00 35.89 176.38 16.01 78.67 
F1 10.00 223.00 46.77 140.32 10.43 31.29 
BC2 63.00 734.00 48.64 135.47 35.70 99.43 
02 274.00 881.00 42.25 124.10 37.22 109.33 
E2 149.00 882.00 29.50 108.49 26.02 95.69 
F2 30.00 441.00 45.77 137.31 20.19 60.55 
BC3 132.00 1013.00 39.26 89.06 39.77 90.22 
03 109.00 742.00 21.74 34.77 16.13 25.80 
E3 99.00 803.00 33.03 83.26 26.52 66.86 
F3 29.00 434.00 27.01 81.04 11.72 35.17 
BC4 62.00 142.00 65.07 80.68 9.24 11.46 
04 25.00 570.00 26.47 66.96 15.09 38.17 
E4 56.00 571.00 7.47 22.41 4.27 12.80 
F4 18.00 285.00 24.58 73.73 7.00 21.01 

SUBTOT (El) 1168.00 8836.00 579.14 1573.76 309.35 862.85 
Avg. (El) 73.00 552.25 36.20 98.36 19.33 63.93 

G.TOTAL 1693.00 16623.00 694.65 1776.59 

* 200 kHz data estimated from 120 kHz data using 1987 ratios 
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Table 3: Electro-acoustic characteristics of sounder systems 

Manufacturer BIOSONICS BIOSONICS SIMRAD 
Model 101 Model 101 EK120 

Frequency 50 kHz 200 kHz 120 kHz 

Source Level 
dBI11 uPa ref 1 m 205.4 224.4 219.0 

Receiving Sensitivity 
dBIIIV per uPa -115.7 -132.9 -109.0 

Beam pattern 
(directivity) 12.9 29.5 

Pulse Length (msec) 0.6 0.6 0.6 

Time Varied Gain (TVG) digital digital analog 
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Survey track and block locations in the area of Bransfield Strait and Elephant Island. 
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Comparison of cruise tracks in areas surveyed in 1987 and 1988 
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Figure 3: Mean biomass (abundance in tonnes/ n miles2 ) for Bransfield Strait and 
Elephant Island by frequency and block. 
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Total biomass (tonnes/1 000) for Bransfield Strait and Elephant Island by 
frequency and block. 
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Figure 5: Mean abundance (tonnes/ n miles2) and total biomass (tonnes/1 000 ) for 120 kHz data by block. 
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K1H: 2.1 
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Figure 6: Comparison of total biomass by block for 120 kHz data between 1987 and 1988. 
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Tableau 2 

Tableau 3 

Figure 1 

Figure 2 

Figure 3 

Figure 4 

Figure 5 

Figure 6 

TaoJII1Qa 1 

TaoJII1Qa 2 

TaoJII1Qa 3 

PI1CYHOK 1 

PI1CYHOK 2 

PI1CYHOK 3 

PI1CYHOK 4 

Legendes des tableaux 

Abondance moyenne comparative et biomasse totale pour les aires 
delimitees etudiees aussi en 1987. 

Abondance moyenne et biomasse totale dans les aires etudiees en 1988. 

Caracteristiques electro-acoustiques des systemes de sondage. 

Legendes des figures 

Trace d'etude et emplacements des aires delimitees dans la zone du detroit 
de Bransfield et de 1'lIe de l'Elephant. 

Comparaison des trajets de la campagne dans les zone etudiees en 1987 et 
en 1988. 

Biomasse moyenne (tonnes/milles nautiques2) pour le detroit de Bransfield 
et 1'11e de l'Elephant par frequence et aire delimitee. 

Biomasse totale (tonnes/1 000) pour le detroit de Bransfield et 1'11e de 
l'Elephant par frequence et aire delimitee. 

Abondance moyenne (tonnes/milles nautiques2 ) et biomasse totale 
(1 000 tonnes) pour les donnees relatives a 120 kHz, par aire delimitee. 

Comparaison de la biomasse totale par aire delimitee pour les donnees a 
120 kHz entre 1987 et 1988. 

3arOJIOBKI1 K TaOJII1QaM 

CpaBHI1TeJIbHa~ cpe~H~~ ~I1CJIeHHOCTb 11 ooma~ 0l10MaCCa no 
KBa~paTaM, 113y~eHHhIM TaK)I(e B 1987 r. 

Cpe~H~~ ~I1CJIeHHOCTb 11 ooma~ 0l10MaCCa no KBa~paTaM, 
113y~eHHhIM TaK)I(e B 1988 r. 

3JIeKTpoaKYCTI1~eCKl1e xapaKTepl1CTI1KI1 3BYKOBhIX CI1CTeM. 

Ilo~nl1cl1 K pl1cYHKaM 

MapllIpYT CbeMKI1 11 pacnOJIO)l(eHI1~ KBa~paToB B pai1:oHe npOJII1Ba 
BpaHcq)l1JI~a 11 oCTpoBa 3JIe(f>aHT. 

CpaBHeHl1e MapllIpYToB CY~OB B pai1:oHax, 113y~eHHhlx B 198711 1988 
rr. 

Cpe~H~~ 0I10MaCCa, 113MepeHHa~ no ~aCTOTe 11 KBa~paTaM 
(~I1CJIeHHOCTb Bhlpa)l(eHa B TOHHax/KB.MopCKl1e MI1JII1) ~JI~ npOJII1Ba 
BpaHc(f>I1JI~a 11 oCTpoBa 3JIe(f>aHT. 

OOma~ 0I10MaCCa, 113MepeHHa~ no ~aCTOTe 11 KBa~paTaM 
(TOHHhI/ 1 000) ~JI~ npOJII1Ba BpaHc(f>I1JI~a 11 oCTpoBa 3JIe(f>aHT. 
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PIiCYHOK 5 

PIiCYHOK 6 

Tabla 1 

Tabla 2 

Tabla 3 

Figura 1 

Figura 2 

Figura 3 

Figura 4 

Figura 5 

Figura 6 
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Cpe.llH.H.H qIiCJIeHHOCTb, (TOHHbI/KB. MopcKlie MIiJIIi) Ii OOm;a.H 
olioMacca (1000 TOHHbI), 1i3MepeHHble no KBa.llpaTaM (qaCTOTa 

120KrlU. 

CpaBHeHlie oom;e:A olioMaccbI, 1i3MepeHHo:A no KBa.llpaTaM, 3a 1987 Ii 
1988 rr. (qaCTOTa 120 KfI.o. 

Encabezamientos de las T ablas 

Abundancia media comparativa y biomasa total para los bloques que fueron 
tambien prospeccionados en 1987. 

Abundancia media y biomasa total en los bloques prospeccionados en 1988. 

Caracterfsticas electro-acusticas de los sistemas de sondeo. 

Leyendas de las Figuras 

Trayectoria de la prospeccion y localizacion de los bloques en el area del 
estrecho de Bransfield y la isla Elefante. 

Comparacion de las trayectorias del crucero en zonas prospeccionadas en 
1987 y 1988. 

Biomasa media (abundancia en toneladas/millas nauticas2) para el estrecho 
de Bransfield y la isla Elefante por frequencia y bloque. 

Biomasa total (toneladas/1 000) para el estrecho de Bransfield y la isla 
Elefante por frequencia y bloque. 

Abundancia media (toneladas/millas nauticas2 ) y biomasa total 
(1 000 toneladas) para los datos de 120 kHz por bloque. 

Comparacion de la biomasa total por bloque para los datos de 120 kHz entre 
1987 y 1988. 
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